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SUMMARY

; A conformal-mapping method for the design of airfoils with prescribed

i velocity~distribution characteristics, a panel method for the analysis of the

' potential flow about given airfoils, and a boundary-layer method have been com-

' bined. With this combined method, airfoils with prescribed boundary-layer char-

, acteristics can be designed and airfoils with prescribed shapes can be analyzed.
All three methods are described briefly.

A FORTRAN IV computer program for the numerical evaluation of these methods
is available through COSMIC. The program and its input options are described in

‘ detail. A complete listing is given as an appendix.

INTRODUCTION

The flow about an airfoil in free air can be described approximately by a
boundary-layer flow near the surface of the airfoil and by a potential flow
everywhere else. Boundary-layer theory can be applied to the flow about an air-
foil in two ways. First, the boundary-layer development can be determined for a
given potential-flow velocity distribution. This is the direct or analysis
problem. Second, the potential-flow field, or at least some of its properties,
can be determined for a given boundary-layer development. This is the inverse
or design problem. This second application of boundary-layer theory requires
the solution of the inverse potential-flow problem where the potential-flow
velocity distribution is specified and the airfoil shape is computed. Thus, the
viscous airfoil design (inverse) problem can be described as the computation of
a shape from a potential-flow velocity distribution which is consistent with a
desired boundary-layer development. The first application of this inverse pro-
cedure has been described in references 1 and 2. Because Tollmien, Schlichting,
Ulrich, Pretsch, and others (see ref. 3) had shown that favorable pressure
gradients delay the transition from laminar to turbulent flow, airfoils were
designed with aft pressure recoveries. The experimental results for these air-

"~ foils confirmed the theoretical predictions. This breakthrough led to the

laminar~flow airfoil series.

Since that time, boundary-layer and potential-flow theories have been

., steadily improved. These theories have been used increasingly to supplement
wind-tunnel tests. Today, computing costs are so low that a complete potential-

flow and boundary-layer analysis of an airfoil costs considerably less than
1 percent of the equivalent wind-tunnel test.

Different computer programs have been developed for low-speed (incom-
pressible) airfoils. (For example, see ref. 4.) The present paper describes
one of these programs. The potential-flow inverse problem still plays a major
role in air€oil design. This problem has been solved exactly by means of con-
formal mapping as shown in reference 5. The method is similar to that of



1h)

Lighthill (ref. 6), is direct, and solves most multipoint design problems in 4
very simple manner. A potential-flow analysis method is also required for com-
parison with wind-tunnel tests of given airfoils and for analyses of airfoils
genera-ed by the design method and then modified by a flap deflection. The afir-
foil analysis problem is solved using a distributed surface-singularity method
similar to those described in references 4 and 7. Some of the details of this
method are new and previously unpublished. The boundary-layer method, which ~
uses integral momentum and energy eqguations, is described in reference 8. The
present method does not contain a boundary-layer displacement iteration. The
program is very efficient and has been successfully applied at Reynolds numbers
from 2.0 x 104 to 1.0 x 108. (See ref. 9 for example.)

i
'

The second part of this paper is a user's guide for the computer program.
The input is described in detail, and an overview of the program structure and
subroutines is given. A complete listing is contained in the appendix.

Use of trade names or names of manufacturers in this report does not consti-
tute an official endorsement of such products or manufacturers, either expressed-
or irmrlied, by the National Aeronautics and Space Administration.

SYMBOLS
Values are given in S$I Units.

A, parasite~drag area, m?
AR aspect ratio
an b power-series coefficients
Cp,i induced-drag coefficient i
CD,p parasite-drag coefficient
Cop boundary-layer dissipation coefficient 3
Ce boundary-layer skin-friction coefficient !
¢y, lift coefficient i
Cp pressure coefficient ?
c airfoil chord, m
c* reference airfoil chord, m
cq section profile-drag coefficient
Cg flap chord, m




—m—

T

C

ol

section hinge-moment coefficient about flap-hinge point

section lift coefficient

-section lift coefficient without correction due to separation

section pitching-moment coefficient about quarter-chord point
dissipation function fo; laminar boundary layer

complex potential function

acceleration due to gravity, m/s2

slope of panel at beginning of panel

slope of panel at end of panel

boundary-layer shape factor, §&;/8,

modified boundary-layer shape factor for calculation of section
profile-drag coefficient

boundary-layer shape factor, &4/6,

total number of airfoil segments

- A

constant in upper-surface pressure-recovery function
constant in lower-surface pressure-recovery function
exponent of upper-surface closure contribution
exponent of lower-surface closure contribution
desired value of Ky

sum of exponents of upper- and lower-surface closure contributions,

Kg + Ky
tolerance on achievement of Ky
length, m
variable number
number of points on { unit circle

number of subpanels in one panel



v*

Vo

number of points on airfoil, ng + 1 i
real part of 1n %% -.ln( - %) on circle ei¢; point

conjugate harmonic function of P(¢)

Reynolds number based on free-stream conditions and airfoil chord

Reynolds number based on local conditions and boundary-iayer momentum |
thickness f

roughness factor
wing area, m2 : i
reference wing area, m2

source distribution; arc length along airfoil surface, m

arc length along which boundary layer is separated, m

arc length for transition from forward portion of airfoil to flap, m
arc length along which boundary layer is turbulent including Sgep’ M
airfoil thickness, m

reference airfoil thickness, m

potential-flow velocity, m/s

v -1

= o |
free-stream velocity, m/s

x-component of boundary-layer velocity, m/s , |
aircraft speed, m/s

maximum aircraft speed, m/s
aircraft speed for Cp =1, m/s

absolute value of complex velocity; local velocity on airfoil, m/s

local velocity on airfoil for velocity specification in design
method, m/s

normal velocity at surface in boundary-layer method, m/s




aircraft mass, kg

reference aircraft mass, kg

pressure-recovery function

; ~-if

complex velocity, ve

vector of velocity induced by panel at point (§,n)

tangential component of velocity induced by panel at end of panel
->

n-component of w

§-component of w

airfoil abscissa, m; axis in streamwise direction, tangential to ,
surface in boundary-layer method

chord location of beginning of closure-contribution region, m

chord location of transition, m

chord location of beginning of main pressure-recovery region, m
airfoil ordinate, m; axis normal to surface in boundary-layer method
complex variable, x + iy

angle of attack relative to zero-lift line, deg

angle of attack relative to zero~lift line for velocity specification
in design method, deg

angle of attack relative to chord line, deg

a* for ith segment of § circle or airfoil, deg
a* for last segment of upper surface, deg
angle of zero lift, deg

inner normal angle, rad

circulation

vorticity

vorticity at beginning of panel

vorticity at end of panel



parabolic-vorticity factor
incremental change in quantity
section lift-coefficient correction due to separation

angle-of-attack correction due to separation, deg
21

angle between points on  unit circle, Y
c

slope of airfoil surface near trailing edge, rad
flap deflection, positive downward, deg
boundary-layer displacement thickness

boundary-layer momentum thickness
as, —

dx

boundary-layer energy thickness

dx
skin-friction function for laminar boundary layer
complex variable
panel ordinate

argument of complex velocity; twist angle, deg

¢y
Yy
Oy
I3
s
Y
B
Ao
exponent of upper-surface main pressure recovery

exponent of lower-surface main pressure recovery

kinematic viscosity, mz/s

e e e ——— vt - ey <+
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El

wl
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- ¢i,le

ik

panel abscissa

air density, kg/m3

panel length
shear stress, kg/m-s

skin friction, kg/m-*s

2

2

angle between f-axis and line from beginning of panel to
point (§,n), rad

angle between £-axis and line from end of panel to point (§,n), rad

argument of

are limit
arc limit
arc limit
arc limit
arc limit

arc limit

arc limit

of

on

of

of

of

of

of

lower-surface trailing edge

€ unit circle

leading edge

beginning
beginning
beginning

beginning

integration variable

of upper-surface
of lower-surface
of upper-surface

of lower-surface

closure-contribution region
closure~-contribution region
main pressure-recovery region

main pressure-recovery region

total amount of upper-surface main pressure recovery

total amount of lower-surface main pressure recovery

initial slope of upper-surface main pressure recovery

initial slope of lower-surface main pressure recovery

infinity



Subscripts:

h
i,J
le
lim

1s

min
sep
te

us

hinge

index; 1,2,3,...,%®
leading edge

limit

lower surface
maximum

minimum

separation
trailing edge

upper surface

POTENTIAL-FLOW AIRFOIL DESIGN METHOD

Conformal-Mapping Algorithm

THEORY

The airfoil design method is based on conformal mapping as are several

other methods.

(For example, see ref. 6.)

In the complex {-plane, the unit

circle is in an infinite flow of velocity 1 at an angle of attack . (See

fig. 1.)

If the rear stagnation point is at 7 = 1, the complex potential of

the flow is

‘%y substituting [ = 4m sin o where [ 1is the circulation,

written

- o-ia ia,-1 _ T
F(C) e T +e( 21TilnC

& -io

ag

dF
ds

_ ei“c‘z -

T
271i

g

-1

€. - Y emio 4 giog-ly

(1)

dF/d; can be &
|
|



! This flow is conformally mapped into the z-plane by a complex function z(Z)

" specified in x but rather on the circle [ = e

such that

2] = & d—z- =
z (=) and (dC)w 1 . (3)

This means that the [ unit circle, as mapped into the z-plane, is also in an
infinite flow of velocity 1 at an angle of attack «, just as it was in the
[-plane. The conjugated complex velocity vector w in the z-plane is

-i8 _ . ar/dg
dz dz/d4g

|6

(4)

w = ve

where v is the absolute value of the complex velocity and 8 1is its argument.
The function dF/dZ is known from equation (1).

The mathematical problem is to determine the function z(Z) such that the
velocity v is a prescribed function on the airfoil. This function is not
1® as wv(¢). The variables X

~and ¢ are related by

x = %(1 + cos ¢) (5)

where ¢ 1is the airfeoil chord. This approximation is only exact for a flat
plate, and it becomes less accurate as thickness and camber increase. If the

" resulting function x(¢) differs too much from equation (5), an iteration can

be performed after specifying a new function wv(¢(x)). This iteration, however,
has not been required in the practical application of the method.

If wv(¢) is given, the mathematical design problem can be solved by taking
the logarithm of equation (4)

- . ar dz
lnw=1lnv - if 1in ac in ac (6)

. At the boundary [ = ei¢, the real part of 1n %% is known because v (9)

- and & are known. Thus, the function

-

a E% which maps the circle into the
airfoil can be determined from fundamental complex-variable theory. The prob-
lems which remain are to derive an algorithm for numerical evaluation and to
introduce v(¢) in such a manner that practical design problems can be solved

easily.



dz

The algorithm is based upon the introduction of 1n -d—c- in the form
o
dz 1 . -m
lnd—§= 1n<l -Z)+ Z (am"‘ 1hm)c
m=0 :

This form has the advantage that the power series does not have an infinite
value a2t any point on the boundary [ = ei®, use of equation (6) allows the

function 1ln 3—2 - 1ln (l - %) along the boundary T = eid) to be written as

dz 1l .
l}n ac ln(l C):I;:ei¢ P(d) + iQ(¢)
dF

= ~1ln v{¢) + i8 + ln(—) i
dc C:el¢

Use of egquations (2) and (7) enables the real part of equation (8) to be
avaluated as

(-}

Zb (a, cos m¢ + by sin mp) = P(¢) = -1ln 2‘cos"((§)- a)l

(7)

- 1n(1 - e 1%

(8)

(9)

Thus, the coefficients ap and b, of eguation (7) can be determined in the
same manner as coefficients of a real Fourier series. For the final procedure,
these coefficients need not be computed. Only the conjugate harmonic function

Q(¢) 1is reguired. It is determined by

= 2m
z (by, cos mp - ay sin mp) = Q(¢) = 2% P(y) cot -u’——;i ay
m=0 o]

By inserting equation (9) into equation (8), it follows that

dz v(d) ; -i¢
ln(—-) .. = =1n + iQ0 + 1n(l - e )
daz elq’ 2|cos (% - )l

¢
= 1n 2|C°‘5’((¢2) )l + iQ + ln(Zie"id’/2 sin %)

10

(10)

- ——



e e e -

or

(95) = 4i sin 9 cos (— -Q
dt / i¢ 2

For d4dz = iei¢ d9, this yields

= iei‘:’(%) =-4sin?
ei? -

v(o)

Splitting this egquation into real and imaginary parts results directly in

% = -4 sin % cos (% - a)lv({p) cos [% + Q(¢£| (1l
'and
% = -4 sin %l“s (% } “)lv(lcp) sin ['2(2 ¥ Qwﬂ a2

If Q(d) 1is determined, the airfoil coordinates x{¢) and vy(¢) can be com-
puted by simple gquadrature.

As in every inverse method, the velocity distribution v(¢) is not com-
pletely arbitrary. At infinity, equations (3) must be satisfied. This reguires
that the coefficient of ;O in dz/drf from the expansion of equaticn (7) be
equal to 1. Furthermore, equations (11) and (12) must result in a closed air-
'foil. This requires that the coefficient of C'l in dz/df be equal to 0.
‘(See eg. (7).) From equation (7), it follows that

ap+ib -
‘;—f=e° 0[1+(-l+a1+ibl)cl+...]
S

iThe above conditions are only satisfied if

|
I
!
% ag = 0

11



Because b does not appear in the Fourier expansion of P(¢), the remaining
three conditions from eguation (9) are:

2m
Wao=‘s‘ P($) ap = 0
0
2m
Ta, =‘f P($) cos $ d¢p = T
o}

2m
Tb, = ;y P(9) sin ¢ d¢ = 0
0]

(13)

(14)

(15)

The algorithm for the numerical evaluation of the airfoil coordinates is defined
by egquations (9) to (12) subject to the conditions set forth in eguations (13)
to (15).

airfoil to be obtained from v(9).
other methods, the function P (¢)

The integration of equations (11) and (12) allows the coordinates of the

The entire procedure is very flexible. 1In
in equation (9) is specified by selecting one .

angle of attack & = a* for which the velocity distribution v*(,a*) is to

occur on the airfoil.

is defined as

v* (9,0*%)

2|cos (% - a*)

P(¢) = -1n

In the present method, the function P(¢)

in equation (9)

(18)

This function P(¢) specifies the airfoil and is independent of a. As a

result, the velocity distribution v(¢,q)

from egquation (16),

12

vid,a) . v*(d,a*%)

cos (%-— a)‘ cos (% - a*)

for any arbitrary «

= £(9)

is obtained

(17a)

|

11

e e e =



which can also be written

cos (£ - o)

-Qa
cos ( - (1*)

Equation (l7a) also follows directly from equations (1) and (4). The velocity
distribution v($,0) is therefore defined by v*(¢,0*) and a* without any
knowledge of the airfoil shape.

vid,a) = v*(¢,a%)

NS v e

It should be noted that the right-hand side of eguation (l7a) is invariant
with respect to . One of the most important consequences of this invariance
is that it is not necessary to select only one angle of attack a* at which the
velocity distribution v* is to occur on the airfoil. It is possible to
specify v* by selecting different values of o* for different segments of
the airfoil. If a* is a function of ¢, equations (16) and (17a) still hold.
For any given segment, the velocity v(¢,a) for any o is only identical to
the specified v*(¢,a*(¢)) 1if a = a*(d).

0f course, v(d¢,0) must be continuous over the entire airfoil
"(0 S ¢ S 2m). This does not require a*(¢) to be continuous. It is only
necessary that v*(¢$,a*) compensate for any discontinuity in o*($). If
a*(¢) is introduced as piecewise constant

a*(¢) = G; (¢i-l ; ¢ g ¢i)

at each discontinuity in «*(¢), the matching condition

* * * *
' v (¢l + €, ai+l) . v (¢i €, ai)
1im ¢ = 1im .
= PR ] Py
cos {5 ai+1 cos |3 ol

~must hold.

|

i A problem arises with the velocity distribution at the front stagnation
point. If segment i includes the front stagnation point, v*(¢.a;) = 0 must

be specified for cos (% - a;) = 0. Thus, P({¢) is undefined at this point.

. (See eq. (16).) Because this is only true at an isolated point, the problem
}could be solved numerically. It is much easier, however, to prevent the problem
fby introducing an arc limit ¢i le Pear the leFding edge and specifying v*
|ahead of this point while the SEagnation point is beyond it and vice versa.
\This is possible if

|

13



i,1e+1 ~ %i,1e

- <7
°i,1¢ T *i,1e '
and (18a)
|
*
- >
9,1 = %%, 1en1
which reguires ‘
|
, |
a* < a* (18pb) |
|
|
1
|
|

In the present method, ¢i e must not be specified. It is one of the
parameters left undefined in order to satisfy the conditions set forth in equa-
tions (13) to (15). The algorithm is written such that those conditions are
satisfied automatically if irequality (18b) is satisfied at the leading edge.

Specification of Velocity Distribution

The final specification of 0*(¢) and v($,a*) has the following form.
The circle is divided inte I, arcs. Tach arc, i, extends from ¢i-1 to ¢i.
Thus, ¢g = 0 and ¢Ia = 27. The leading edge is ©¢; 1. For each arc,

v($,a%) = viw(9) (¢;-7 S ¢ 2 ¢y) (19)

where vy is a constant to be discussed later and w(®) is a function which is
independent of i. This function w($) allows a main pressure recovery and a
closure contribution to be introduced on each surface (ref. 5). (See fig. 2.)
It has the following form:

-u 2 KH
cos ¢ - cos ¢w cos ¢ - cos ¢s
+ K 1 - 0.36 (20)

1 + cos ¢, 1 - cos ¢¢

e e e =

[

w(p) =

|12}

over the range (0 £ ¢ $ ¢;,1¢), and

_fcos ¢ ~ cos dy B cos ¢ - cos Pg 28
wig) = |1 + K 1 - 0.36{ (21)

1l + cos $w l - cos 65

[

over the range (¢i,le < ¢ s 2m). The terms in braces must be considered special|
functions which are interpreted as follows: if £(¢) s o, {f(;d} =0 and if |

'
r
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f£(d). Thus, w(d) =1 1if ¢ > &, and ¢ > ¢s in equa-

< 5w and ¢ < 9g_ in equation (21). (It should be noted
m and ¢, and by > m.)

£¢) > 0, {£&)
tion (20) and if
that ®w and ¢s

NS

A typical distribution w is sketched in figure 2 where §-= %(1 + cos ¢)

is used to give an impression.of w(x) as defined by equations (20) and (21).
The leading factors in equations (20) and (21) represent the main pressure
recoveries for the upper and lower surfaces, respectively. The lengths of the
main pressure recoveries are specified by ¢,, for the upper surface and by 9,
for the lower surface. The total amount of pressure recovery and the shape of
the recovery are determined by K and u or K and @B depending on the sur-
face under consideration. The total amount of main pressure recovery (the total
main velocity-reduction factor) for the upper surface is obtained by neglecting
+ the second factor in equation (20)

-u .
TR PR el (22)
1 + cos ¢

' The absolute value of the slope of wi(x) at the weginning of the recover
(6 = 0, 1is

W' = - uK £23)
3(1 + cos ¢,)

A more detailed analysis of egquation (20) shows that a concave pressure recovery
is specified by K > 0 and u > 0. An approximately linearly decreasing veloc-
ity is achieved by K < 0 and u = -1l. A pressure recovery having a very steep
initial slcpe is specified by a large value for K and a small positive value
for u. Thus, it is possible to specify almost exactly a Stratford pressure
recovery by a careful choice of K and U in equation (20}.
It can be seen that the first denominator in equation (20) is (1 + cos ¢y)

instead of (1 - cos ¢,) and that w contains ¢, in equation (22). These

_ terms cause a smaller total amount of pressure recovery (higher w) with

~ decreasing recovery length (decreasing ¢,,). This is insignificant in that the

i main pressure recovery can be specified in three different modes:

(1) X and u are specified
(2) w' and w are specified (only concave pressure recoveries (K and
u > 0) are specified in this mode)

(3) ¢ and w are speqified

The length of the recovery is always specified by Qw' Of course, the same
three modes apply to the lower surface as well for K, U, and 9.
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The second factor in both equations (20) and (21) represents the closure
contribution. It is normally restricted to a small region surrounding the
trailing edge (¢g = 20°-30° and ¢, = 330°-340°). 1If Ky > O, this term
results in a convex velocity decrease as shown in figure 2. This type of
velocity decrease is frequently present near the trailing edge.

If the trailing-edge angle is nonzero, the velocity goes to zero at the
trailing edge (rear stagnation point). This condition_cannot be achieved with
equations (20) and (21) as it would require Ky and Ky to become infinite.
Henz2, these egquations mathematically permit only a zero trailing-edge angle.

How2var, the region influenced by the requirement for a trailing-edge stagnation '

point is very small so that, in a practical sense, the trailing edge as defined
by <he method can be considered as having a nonzero angle. The exponents Ky
and iH cannot be specified. They are determined such that the airfoil will be
clesed and, therefore, they are a consequence of all of the specifications.

In summary, the velocity specification, equation (19), along with equa-
ticns (20) and (21) allow several different arcs on the unit circle in the
f-plane to be specified as shown in figure 3. The limits of these arcs are

hown as solid radial lines. The angles ¢, ¢s, by gnd ¢s are indicated
by broken radial lines. For all arcs between ¢, and ¢, the essential part
of the velocity specification 1is the value a;. Thus, for any given arc i,
v 1is specified such that ~

v(¢,a;) = v; = Constant

which means that for this arc i, v = vy = Constant if a = a;. The absolute
value of v; cannot be specified, but is determined by the previously mentioned

matching conditions in the form of equation (17a).

For the arcs over which w(¢) ¥ 1, the value of a* must also be specified.
For these arcs, a* is that angle of attack for which v(9) varies with w(¢).
(See eq. (19).) Normally there is no arc limit specified within the pressure-
recovery region. This is, however, not a restriction within the algorithm. One
could imagine that there will be design problems in which a* should change
within the pressure-recovery region. This is not prohibited.

If two consecutive arcs have the same a*, no dividing arc limit is neces-
sary. This is also true if a* is the same for the pressure recovery and the
arc immediately ahead of it. Of course, specifying two or more consecutive arcs
having the same «* is not prohibited, except around the leading edge. The
values of ¢,, and $w do not necessarily need to be specified at arc limits,
although the pressure recovery frequently is not specified for the same angle of
attack at which constant v occurs over the arc ahead of the pressure-recovery
region itself. This is illustrated in figure 3 where ¢, is an arc limit and
%, 1s not. This means that a* can change at ¢, but not at b
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Thus the total specification of v(¢) requires only

(1) The arc limits ¢i (except ¢ )

i,le

{2) The a; values for all arcs

(3) The pressure-recovery specifications - ¢,, H. K, 5w' i, and K

(4) The lengths of the closure contributions as specified by ¢g and ¢s

i

l

l This specification leaves the I, constants V; free, algng with the arc
?limit ¢i,le and the closure-contribution exponents Xy and Ky. There are

I, matching conditions and equations (13) to (15) must be satisfied. All these
conditions can be satisfied in closed form which leads to a transcendental
equation for ¢i,le' The solution of this equation can be obtained by normal

‘numerical methods. The values of KH’ RH' and vy can also easily be deter-
mined from the solution of the transcendental equation.

A more extensive description of the method is given in reference 5, which
‘contains the formula for the splitting of a term containing a "corner" (dis-
continuity in slope) at ¢ = 9, ,.. (See P(®) in eqg. (9).) This results in
a better convergence of the remaining power series and reduces the numerical
errors in the method. Some minor differences exist between reference 5 and the
present paper. In reference 5,

(1) Cnly I, = 6 arcs are available with thé leading edge occurring at ¢3

(2) The closure-contribution exponents Ky and EH also include the main
pressure recovery

Symmetric Airfoils

A simple example of an airfoil design is that of the symmetric NACA 6-series
airfoils (refs. 1 and 2). These airfoils are intended to exhibit, at a certain
lift coefficient €,,1 ©f positive angle of attack «j;, constant velocity from
‘x =0 to x =1,. Over this length, the pressure gradient is favorable for
@ < ¢y. The same is true for the corresponding length on the lower surface for
@ > -a;. For all « where |a| < a,, the pressure gradients on both surfaces
are favorable up to x = l;. It was predicted that, at these angles of attack
‘over a certain Reynolds number range, the boundary layers on both surfaces would
fremain laminar to x = 11. This was, of course, experimentally realized. The
'cg=cy polars of these airfoils exhibit what is now commonly referred to as a
!wIjaminar bucket." For simplicity, the range of o for which both surfaces
iexhibit favorable pressure gradients will be called the laminar bucket. Thus,

! for the symmetric airfoils described above, the laminar bucket is determined by
' the range - £ a $o0y. The length 1lj;/c is called the extent of laminar

| flow. This length might be different on the upper and lower surfaces of non-

- ! symmetric airfoils. In this situation, the lower-surface length would be
;called 12/c.
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For a = Oo, the velocity distribution exhibits increasing velocity up :

to x = 11. This requires a certain airfoil thickness and, correspondingly,_a
certain pressure recovery towards the trailing edge. The total amount of )
recovery depends on the width of the laminar bucket as defined by «; and on i
the extent of laminar flow 11/c. ‘ ‘
}
l

Using the present method, this NACA é-series example can be designed very
simply. For the upper surface, a* = 6y and, for the lower surface, a* = -0.
Unfortunately, the specification of the recovery function for a given a3
and ll/c, such that a reasonable trailing edge results, is not so simple. For

specification of K and u. 1If their values are too large, Ky and RH will
be negative and a negative thickness will occur ahead of the trailing edge. 1If
their values are too small, Ky and EH will be large and the closure contri-
butions will close the airfoil very abruptly, resulting in a very large
trailing-edge angle. Thus, it is usually necessary to select K and u by
trial and error such that the desired trailing-edge shape is obtained. This
shape is judged by the value of K, + KH'

i
]
example, ¢w = % for 11/c = 0.5. There is no such rule, however, for the I
{
]
i

This trial-and-error procedure has been included in the program in the form
of iteration modes as follows:

(1) The values of X and/or X are iterated such that Kg = Ky + iﬂ
where Kg is specified

(2) The a* values for the upper and/or lower surface are iterated such
that Ky + Ky becomes the specified value Kg; the main pressure
recovery is not altered

(3) The a* wvalues for arcs ile and/or ile + 1 are iterated such that
Ky + Xy becomes the specified value Kg; the main pressure recovery
is not altered

Iteration mode 1 addresses questions like: What amount of pressure
recovery is required for the desired laminar bucket width and extent of
laminar flow? Iteration mode 2 concerns gquestions such as: What laminar
bucket width and extent of laminar flow are possible given a certain amount of
pPressure recovery? Iteration mode 3 is normally used in the design of hydro-
foils where the a* values for the segments covering most of the upper and i
lower surfaces are responsible for the range of lift coefficients over which no |,
suction peak occurs and, therefore, the danger of cavitation is minimized. If
this range is not to be influenced by the iteration, only the leading-edge
region can be used to modify the airfoil thickness. !

i
Two airfoils which exhibit velocity distributions typical of the symmetric
NACA 6-series airfoils are shown in figures 4 and 5. The first airfoil (fig. 4)
designated 1095, has the same laminar bucket width and extent of laminar flow as:
the NACA 653-018 airfoil. It is specified by a* = 2.7° along the upper sur- |
face and a* = -2,7° along the lower surface while the amount of pressure ;
recovery is iterated under mode 1. The second airfoil (fig. 5), 1096, also has L

- e
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'only two segments for which a* is specified. The difference between the two
:designs is that, while airfoil 1095 uses iteration mode 1, airfoil 1096 uses
siteration mode 2 where the «a* values are iterated leaving the pressure racov-
;ery function unchanged. The pressure recovery for airfoil 1096 is about the
‘'same as that for the NACA 653-018 airfoil. 1In fact, airfoil 1096 had to be
imodified slightly to reach an airfoil thickness of 18.0 percent. The result is
oy = 3.69°. This means that the present design method allows an increase in
Ethe laminar bucket width of 37 percent.

o

Nonsymmetric Airfoils

Of course, no more effort is required for the specificaticn and computation
of nonsymmetric airfoils than for symmetric ones. The nonsymmetric NACA 6-series
‘airfoils contain an approximation error due to the introduction of camber by
fvorticity distributions along the mean line.

As an example, a nonsymmetric airfoil, 1098, defined by four segments is
shown in figure 6. This airfoil already contains a generalization of the pre-
vicus NACA 6-series examples. The lower surface again requires only one o*,
ay = 2°, which determines the lower limit of the laminar bucket. The upper sur-

face, however, is divided into three segments. For the segment from x/c = 0.15
to the beginning of the pressure-recovery region at x;/¢ = 0.52, aI = 8°. rFor

the shorter segment from x/c = 0.04 to 0.15, a; = 10° and, for the even

shorter segment from the leading edge to x/c = 0.04, a; = 12°. This airfoil,
then, should not have a sharp suction peak on the upper surface up to a = 12°.
This feature is achieved by the third upper-surface segment.

For comparison, airfoil 1097 is shown in figure 7. This airfoil is speci-
fied by only one a* for the upper surface ahead of the pressure-recovery
region. All the other specifications, including o* for the lower surface, the
pressure recoveries for both surfaces, and the a®* values for the recoveries,
are the same as those for airfoil 1098. The results are a; = 9.98° and an
airfoil thickness of 18.45 percent. It should be mentioned that this airfoil
was easily specified using iteration mode 3 which iterates only a:.

A comparison of the two airfoils shows that, at Qa = 120, airfoil 1097 has
already developed a sharp suction peak at the leading edge. For many applica-
tions, it is beneficial to shift the formation of such peaks to higher angles of
attack. This is achieved by specifying higher a* values for the segments near
the leading edge. Of course, this results in a thicker airfoil and, accordingly,
a greater amount of pressure recovery. If the amount of pressure recovery is to
remain unchanged, however, some other changes have to be made to reduce the
'‘thickness. The previous examples show that this can be achieved by introducing
lower a* values for the segments away from the leading edge. This is usually
not a disadvantage in that, for moderate Reynolds numbers, the boundary layer
Vill remain laminar even through a moderately adverse pressure gradient.

t

]

i Airfoils 1097 and 1098 alsc demonstrate that the pressure gradient at a
certain angle of attack « over a certain segment of the airfoil can be pre-
‘cisely controlled by changing the value of a* for that segment. For the upper
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surface, nigher values of o* result in more favorable pressure gradients.

Higher values of a* were used near the leading edge to modify airfoil 1097 to
produce airfoil 1098. Lower values of a* result in more adverse pressure \
gradients for the upper surface. This feature is the difference between air-
foils 1097 and 1098 between x/c = 0.15 and 0.52. Obviously, for the lower . !
surface, these trends are reversed. . '

In summary, the specification of a* is equivalent to the specification of
the pressure gradient. The only difference is that a given change Aa* does ;
not have an egual influence on the pressure gradient everywhere along the air- :
foil surface; the influence decreases with increasing distance from the leading -
edge. This is not, however, necessarily a disadvantage. The boundary layer is
thinner near the leading edge and, therefore, regquires a greater change in
pressure gradient to affect a given change in the shape factor. Thus, it is
very easy to solve multipoint airfoil design problems by specifying a* such
that the boundary layer has desired properties at various angles of attack.

POTENTIAL-FLOW AIRFOIL ANALYSIS METHOD
General Description

The potential-flow airfoil analysis method employs panels with distributed
surface singularities. The geometry of the panels is determined by a spline fit
of the airfoil coordinates, with the end points of the panels being the input
airfoil coordinates themselves (fig. 8). The singularities used are vorticities
distributed parabolically along each panel. The flow condition, which reqguires
the inner tangential velocity to be zero, is satisfied at each airfoil coordi-
nate (i.e., at the end points of the panels, not the midpoints) as indicated by
the double arrows in figure B. Two angles of attack, 0° and 90°, are analyzed.
The flow for an arbitrary angle of attack can be derived from these two solu-
tions by superposition. The entire procedure does not require any restrictions
on the input point distribution, smoothing, or rearranging of the coordinates;
only the original airfecil coordinates are used. An option is included, however,;
by which additional points can be splined in between the original coordinates.
This option allows more precise results to be obtained should a portion of the
airfoil have a sparse number of points.

A flap deflection can be introduced by geometrically rotating part of the
airfoil about a flap-hinge point. The connection between the forward portion of -
the airfoil and the flap is defined by an arc consisting of additional points
which are generated automatically according to an input arc length.

e g

Numerical Procedure

The numerical procedure is based upon determination of the velocity
vector w induced at a point (£,n) by the vorticity distribution Y(§) along a
straight panel which extends from £ = 0 to £ =0 on the £-axis as shown in
figure 9. For

—————— =~ o apr———

20



g

’i Y() = Yi(l - é) (24)

‘the velocity components are

2—“w,=(1-5>r+3/\ (25)
Y. & o] o)
i
and
; 2, =-(1-§)A+QT-1 (26)
. y. n o} o]
i
:whe:e
sin T
A= 1n —*
sS1in l
and
[ n___ n
T = Ty Yy arc tan £E-o arc tan £

it follows that for

Q {¢

Y. . (27)

¥(g) = 3

the velocity components are

2r &L, .01 28
; Y.WE_OT O'A ( )
J
land
: PLANR A W (29)
! Y5 n o g
!
gand for
.—=§<-§) (30
7 (5) g 3)Yp )
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the components are

2 2
2—ﬂw=§--§—+n—)T+B—(2§-l>A-D- (31)
yp o] o2 o2 o o] o ]
and
an o _ (82 _nm2 _ &)y .10(,E £, 1
prﬂ‘(02'02'0A+020'1T ot 2 (32)

The superposition of the vorticities in equations (24) and (27) results in a
linear vorticity distribution with Y(§ = 0) = y; and Y =0) = Yj' Its
induced velocity is given by equations (25), (26), (28), and (29). For the
parabolic vorticity distribution, equation (30), the factor Yp cannot be

derived from the vorticities Y; and Yj on the panel under consideration but,
instead, depends on the vorticities on both the preceding and succeeding panels.

If a panel is not straight, it is divided into a number of straight sub-
panels ng for the numerical computation of its induced velocity at the point
(:,n). The number of subpanels np is determined by the distances £/ and
n/0. 1f these distances are great enough, the camber of the panel is neglected.
Furthermore, if these distances are even greater, a global development is intro-
duced in which each panel is replaced by a single vortex.

Special higher-order developments are used for the velocity induced at
points on the panel itself. At these points, equations (25), (26), (28), (29),
(31), and (32) fail. For the vorticity in equation (24), the induced tangen- |
tial velocity at the beginning of a panel (fig. 10) is

»
i

5 1 ™ ;
A e E G

where g, and g, are the slopes shown in figure 10. For the vorticity in
equation (27), the induced tangential velocity is

- v =—91-%92 (34):

R | (35)

hmemms e ——————, —— —— = n
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All these eguations together allow the computation of the influence of any
vorticity distribution on a panel as specified by equations (24), (27), and (30)
at any point P. A flow condition at point P results in a linear equation for
the unknown Y. Thus, a system of Ng linear equations results, where ng 1is
the number of points defining the airfoil. )

It should be noted that equations (24) to (32) require only very simple
modification in order to compute the influence of a source distribution. The
induced-velocity vector w is rotated 90° in the mathematically positive direc-

" tion when replacing the vorticity distribution Y(£) by the same source distri-

bution s(§) = y(5).

Trailing-Edge Singularity

As in other panel methods, a singularity arises from the circulatien T

_around the airfoil, which is unconstrained unless required to satisfy the Kutta

condition. Two different shapes are involved.

The £irst shape is a sharp trailing edge having either a zero or nonzero

. angle. For this shape, the singularity is caused by a finite circulation around

the airfoil which results in an infinite velocity at the sharp trailinc edge.
Thus, an additicnal equation is required while one equation already in the egua-
tion system can be omitted. This additional equation consists of an extrapocla-
tion of the vorticity distribution to the trailing edge and an averaging at the
trailing edge itself. The Kutta condition is introduced by requiring egual
velocity on both sides of the trailing edge and zero normal velocity relative to
the bisector of the trailing-edge angle. This implies that a zero trailing-edge
angle is introduced and the shapes of the two panels at the trailing edge are
changed using a cubic spline (fig. 11). It should be noted that the bisector of
the angle between these new shapes is equal to the bisector of the original non-
zero trailing-edge angle.

The omission of one of the equations in the system can sometimes cause
errors at the point for which the flow condition is governed by the omitted
equation. In other words, the equation system is not exactly singular due to
small numerical approximations. In the present method, none of the equations is
omitted but rather the entire equation system is multiplied by the transposed
coefficient matrix. Thus, all the equations are solved as accuratelv as possible
in a least-squares sense. (See ref. 10, for example.)

The second shape is a blunt trailing edge - one in which the upper- and
lower-surface trailing-edge points are not the same (fig. 12). For this shape,
not only a vorticity distribution Y but also a source distribution s 1is
introduced at the base of the airfoil. Both are linear distributions over the
base length and are determined such that no flow singularities occur at either
of the two trailing-edge points. A tangential-flow condition and a normal-flow
condition are satisfied at the inner middle of the base. This procedure also
results in one more equation than necessary. The equation system is solved in
the same least-sguares sense as for sharp trailing edges, even thougn blunt
trailing edges are not singular with respect to circulation.
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The trailing-edge procedure employed for analysis is determined auto-
matically from the trailing~edge coordinates. Only the airfoil coordinates are
required, no other specification is necessary.

Spline Routine

The panel method requires a spline routine. Most software systems contain

such routines, but nearly all of these routines do not spline in the x-y plane.

Instead, those routines spline x(s) and y(s) separately, where s is the
length coordinate along the polygon connecting the points. These routines do
not satisfy the condition requiring a minimal integral over the curvature in
the x-y plane. Accordingly, a new spline routine was developed which better
satisfies this condition. It does contain, however, a certain linearization of
the £-n coordinates shown in figure 8. If the slopes of the spline fit are
too large for a given panel, the spline routine might not give results which
are precise enough. This could, of course, lead to inaccurate results from the
panel method. So, a warning is printed in subroutine SMOOTH if the absolute
values of the slopes are greater than 0.4.

BOUNDARY-LAYER METHOD
General Boundary-Layer Eguations

An integral method is used for the analysis of the boundary layer (ref. 8).
If u(x,y) is the tangential velocity component within the boundary layer,
x the length along the surface in the stream direction, and y the length
normal to the surface, then the potential-flow velocity is

U(x) = lim u(x,y) (36)
y-m

the displacement thickness is

8q(x) = s (l - H'dy (37)
1
0 U)

the momentum thickness is

85 (x) =5 (1 - %)% dy (38)
0
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. and the energy thickness is
= 2
= AN Y
53(x)—'S‘ l: <U>:]Udy (39)
o]
(40)

i

(41)

1

and
53

is the normal velocity at the surface (where blowing is positive

If Vo
and suction is negative), the integral momentum equation is
(42)

7o

U

' ]
52 + (2 + le)%r §o = Cg +
(43)

and the integral energy eguation is

u' . Vo
G3-C-:D+ T

3T
the skin-friction

~
Sy +
where the prime denotes differentiation with respect to X,
(44)

coefiicient is

To_
2

C. =
£ puU
(45)

and the dissipation coefficient is

=]
du
- — ‘r__.
oy dy
of the
Approximate

i

Equations (42) and (43) are satisfied by every solution u(x,y)

full partial differential equation for the boundary-layer flow.
solutions can be determined by only allowing velocity distributions of the

y
l
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form % = f(g%%T,H(x)), where & 3is a thickness factor and H a shape

factor. The present method uses as the thickness factor 52 and as the shape ‘
factor Hi,.

Laminar Boundary Layers |
For laminar boundary layers, some Hartree profiles (ref. 3) have been |

selected as velocity distributions. If 1 is the reference length and U, the
reference velocity, this leads to i

- H
Cp = ——p (a6) |
R L 22
Uy 1
*
Cq = —JELE- (47)
rR 2L -2
U 1
Hy, = 4.02922 - (583.60182 - 724.55916H35
+ 227.18220H3,) \[H3; - 1.51509
if 1.51509 £ Hy, < 1.57258 $ (48)
Hy, = 79.870845 - 89.582142H, + 25.715786H§2
3 >
if Hy, 2 1.57258 J
. : , 3 )
€* = 2.512589 - 1.686095H,, + 0.391541H], - 0.031729H),
if 1.51509 £ Hyy < 1.57258 5
) (49)
€% = 1.372391 - 4.226253H,., + 2.221687H
32 32
; >
if Hy, 2 1.57258 /
and
i
D* = 7.853976 - 10.260551Hy, + 3.418898H§2 (50)
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R

(See ref. 8.) The Reynolds number is

Ul

R = —\)— (51)

The local Reynolds number based on momentum thickness is

S5

— 52
7 (52)

w
O

L]

]

R 2
Uoo

. For airfoil boundary layers, the reference length 1 is the airfoil chord ¢

and the reference velocity U is the free-stream velocity.

[>+]

~

Equations (46) to (50) specify éé and 63 as functions of 6, and 65,
provided the potential-flow velocity U(x), the suction velocity vp(x), and
the Reynolds number R are given. Because &6, and &3 are involved, it is
logical to use Hj, as the shape factor. This is not a major deviation from

; other methods which use Hjy, instead of Hj3p, as Hjys is a unigque function

of Hjp. (See egs. (48).) Thus, the shape of the boundary-layer velocity dis=-
tribution u(y) can be determined from H;, as well as from H,;. The Blasius
boundary layer has a shape factor Hj, = 1.57258. If Hqy 2 1.57258, ul(y) has
no inflection point. If Hy, < 1.57258, u(y) has an inflection point.

Hqyy = 1.51509 is the laminar-separation limit where %% =0 at y = 0.
Favorable pressure gradients and vy < 0 tend to increase Hj, and vice versa.
Initial values for 62 and §, can be derived from closed solutions for
the first step of length Ax. If the boundary layer begins at x = 0 with
U=0 (i.e., the potential flow has a stagnation point at x = 0}, the solution
for the first step is
N

8, (8x) U, Ax
l = 0.29004\ g5 ax)1 >

84 = 1.619988,

and (53)

For a sharp edge with U =U; at x = 0, the first step can be determined
from the Blasius solution, which results in



62([-\){) U Ax
—1—- 0.66411 RUol

(54)

8, = 1.5725852

(See ref. 8.)

The numerical integration of egquations (42) and (43) results in 52 and
¢3 and, hence, H3, at every point x. Laminar separation is predicted when
H3> = 1.51509. Constant potential-flow velocity yields the constant value
Hy, 1.57258. The approximate solutions obtained from this method usually
agree very well with exact solutions (ref. B).

Turbulent Boundary Layers

The turbulent boundary-layer method does not allow the derivation of the
expressions for le, Cf. and C@ in the same simple manner as did the laminar
method which used certain selected velocity distributions. 1Instead, the empiri-
cal expressions of Wieghardt, Ludwieg-Tillman, and Rotta are employed in a
slightly modified form as derived in reference B. These expressions are

11Hg, + 15

080232 | L |
Cs = 0.045716 Enlz -2 e™hr 20012 (56)
Cp = 0.0100 tle - 1= (57)

While, for laminar boundary layers, a single value of Hj, indicates
separation, this is not true for turbulent boundary layers as determined by
equations (55) to (57). It can only be stated that for Hj, > 1.58, there will
surely be no separation and that for Hi, < 1.46, there will surely be separa-
tion. It has been determined, however, that thicker boundary layers tend to
separate at lower Hi, values. Because the present method yields lower values
of Hy, for adverse pressure gradients than other methods, turbulent separation
is assumed when H3z; = 1.46.

Transition

The prediction of boundary-layer transition requires a switch from the

laminar laws (egs. (46) to (50)) to the turbulent ones (egs. (55) to (57)). The
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transition criterion by which this switch is determined assumes that transition
has occurred if

1n Rg, 2 18.4Hy, - 21.74 - 0.36r (58)

where r is a roughness factor. This criterion, as shown in figure 13 for

r = 0, predicts that transition occurs later if H3, is higher (i.e., the
‘pressure gradient is more favorable). The constants in inequality (58) were
;empirically derived (ref. 11). A roughness factor of r = 0 corresponds to
‘natural transition on a smooth surface with no free-stream turbulence. Increas-
-ing r results in earlier transition. A roughness factor of r = 4 is repre-
_sentative of the disturbances caused by insects or a rough surface or by a
“turbulent free stream. It is recommended that the results obtained for differ-
"ent roughness factors be checked when comparing the method to data obtained in
ja turbulent free stream (ref. 12). Roughness factors of & or below can be
.used. A more detailed description of the transition criterion is given in
‘several references (for example, ref. 12).

Laminar Separation Bubbles

Freguently, laminar separation (H32 = 1.51509) occurs before the transition
criterion, inequality (58), is satisfied. Upon the prediction of laminar sepa-
ration, the program continues the computation by switching to the turbulent '
laws. In the real flow, laminar separation is often followed by turbulent
reattachment. This phenomenon is known as a laminar separation bubble. The
results of the present method exhibit a certain analogy to this bubble. If the
local Reynolds number R52 is small enough, the turbulent shear stress and dis-

sipation laws yield little more, and sometimes less, skin friction and dissipa-
tion than the laminar laws. In this situation, the method indicates either a
very slowly increasing shape factor H;, or a decreasing Hyy which rapidly
reaches the turbulent separation value of H3o = l.46.

For a slowly increasing H3,, a laminar separation bubble which extends at
:least to the point where Hy,; = 1.58 must be expected. This possibility occurs
‘not only following laminar separation, but also in a very steep adverse pressure
gradient following transition. If the method shows immediate turbulent separa-
.tion following transition, this indicates that laminar separation without turbu-
"lent reattachment must be expected in the real flow.

I a bubble is predicted, there is only one way to alleviate it. The air-
!foil must be modified such that the pressure gradient at the beginning of the
turbulent boundary layer is reduced. This is, of course, much easier in the
;design mode than in the analysis mode.

In many multipoint designs, a bubble exists at many angles of attack, and
ian improvement at any one angle of attack may cause difficulties at another.
For such multipoint designs, it is important to consider the variation of
Reynolds number with C; which occurs on an aircraft in flight.
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Boundary-Layer Development j

It is very informative, particularly with respect to laminar separation and
laminar separation bubbles, to plot the boundary-layer development RGZ versus ]
[

Hy5, as shown in figure 13. This figure shows the boundary-layer development .
along the upper surface of airfoil 1098 at various angles of attack for |
R =1 x 10°. For segments of the airfoil having constant velocity (a = a*)

(fig. 6), the boundary layer approaches the Blasius solution having a constant i
shape factor Hyy of 1.573 and increasing momentum thickness 62. These seg-
ments correspond to the vertical lines in figure 13. As the angle of attack is
increased (a > a*), the velocity distributions become concave over the forward
portion of the airfoil or, in other words, the airfoil "pulls a peak" at the
leading edge. These concave distributions are similar to those which produce
Hartree boundary layers, but the curves in figure 13 show increasing Hj, with
increasing R52 for a > a*, whereas the Hartree boundary layers result in

'

lower but still constant shape factors. This means that these velocity distri-
butions are more concave than the Hartree (power law) distributions. Thus, as
the angle of attack is increased even more, laminar separation will occur at

the leading edge. In figure 13, the curve for a = 14° shows that the boundary-
layer development along this leading-edge velocity peak is tending toward the
laminar-separation limit (H3, = 1.51509). This tendency toward laminar separa-
tion can be eliminated by the introduction of segments having higher a* values
toward the leading edge. Experience indicates that the curves in figure 13 can
be shifted to the right by a positive Aa* about as far as they would be
shifted to the left by a positive Aa of the same amount. Obviously, it is
much easier to control the development of the shape factor by manipulating a*
values than by altering a given velocity distribution at only one angle of
attack. Also, it should be noted that a variation in Reynolds number only
shifts the curves in figure 13 vertically. Thus, no additional problems arise
with varying Reynolds number.

The program contains an option whereby diagrams such as that in figure 13
can be plotted automatically if a boundary-layer analysis is verformed. Through
the use of this diagram, it is very easy to control the laminar boundary-layer
development for a multipoint design as demonstrated in references 9 and 1l. i

Section Characteristics

For any given airfoil, it is easy to obtain the potential-flow velocity
distributions at arbitrary angles of attack from the design or the analysis :
methods. The boundary-layer method can then be applied to these velocity dis- -
tributions. The displacement thickness obtained from the boundary-layer develop-
ment could be added to the airfoil contour and further analysis of this "fluid
airfoil"™ using the panel method would result in a new velocity distribution.
This type of displacement iteration, however, has not yet been incorporated
into the program.

e o o pr——— . o
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The boundary-layer characteristics at the trailing edge allow the Squire-
Young formula (ref. 13) to be applied to obtain the drag

5+H12,te

2
Ute
cg = 262,te<ﬁ;—> (59)

where te refers to conditions at the trailing edge. This formula, however,
was not developed for use at high values of Hj;, 1like those which result when
the flow at the trailing edge is near separation. For these conditions, the
pradicted values of cg are too high. Therefore, the formula was empirically
modiZied to

N
S+HIz,te
€q = 262,te<§£2>
where 5 ' (60)
Hl2,te = Hi2,te £O7 Hip o 5 2.5
= 2.5 for HlZ,te > 2.5
y,

This formula is applied at the trailing edge of the upper and lower sur-
faces separately. If boundary-layer separation is predicted at a velocity
Usap the program does not perform any more boundary-layer computations.
Instead, it corrects only the momentum thickness 62 by

5+le,seg
U 2 :
3 =§ _sep
2,te 2,sep Uge

Because this transfer is performed with HlZ,sep = 2.803, which £ollows frcm
equation (55) for Hjy, = 1.46, the drag as computed from equation (60) is

U 0.15
- _Sep
Ca * cd,sep(u )

te

Thus, a certain drag penalty due to separation is included although it is small
and not empirically founded.

The 1ift and pitching-moment coefficients are determined from the potential

flow. Some simple viscous corrections are then applied to these coeificients.
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The lift-curve slope where no separation is present is reduced to 27 from its
theoretical value. In other words, the potential-flow thickness effects are
assumed to be offset by the boundary-layer displacement effects. If Qg is the
zero-1lift angle as shown in figure 14, the lift coefficient with no separation
is

cl,ns = 2T(a, + ao) (61)

Note that Q. is the angle of attack relative to the chord line and a_ + a4
is the angle of attack relative to the zero-lift line a. 1In this situation,
all angles are in radians. If a separation of length s is predicted on the

sep
upper surface, an angle-of-attack correction

is used to determine a lzft—coefficient correction
sseE
Acy = 21 pa = -7 = (Sys + Q) (62)

where Gus is the slope of the airfoil upper surface near the trailing edge,
as shown in figure 14. A similar effect occurs in potential-flow wake theory
(Helmholtz flow). (See ref. 14.) The corresponding correction is applied if a
separation is predicted on the lower surface. Neither a positive Acz for the
upper surface nor a negative Acl for the lower surface is allowed. These

possibilities could occur for airfoils having a flap deflection.

The present method has been applied successfully at Reynolds numbers from
2 x 104 to 1 x 108. see reference 9, for example.

IMPLEMENTATION OF THE THEORY

The program contains three major blocks corresponding to the three theo-
retical methods to be employed, as well as several other subroutines for special
purposes. See "Flow Chart and Input Card Summary.”

The program is available at a nominal fee through the following
organization:

Computer Scftware Management Information Center (COSMIC)
112 Barrow Hall, University of Georgia
Athens, Georgia 30602

Request the program by the designation PROFILE LAR-12727.
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AIRFOIL DESIGN SUBROUTINE

The entire potential-flow airfoil design method is contained in subroutine
TRAPRO which calculates the airfoil coordinates x/c and y/c, the inner

normal angles 8, and the function v(a,d) /cos (% - a> wnich is required for

the computation of the velocity v(a,¢) at any point at any angle of attack.
These results are stored in the blank COMMON arrays X, Y, ARG, and VF, respec-
tively. Subroutine TRAPRO calls subroutine DRAW and some of the auxiliary sub-
routines discussed in "Utility Subroutines.”

AIRFOIL ANALYSIS SUBROUTINES

The center of this portion of the program is subroutine PANEL which
requires as input the airfoil coordinates x/¢ and y/c, which are stored in )
blank COMMOWN, and the spline-fit inner normal angles B8, which are stored in
array XP in blank COMMON. The panel method is applied at 0° and 90° angle of
attack. The resulting velocity (vorticity) distributions are stored in array
GAMMA which is a formal parameter in the subroutine. Simultaneously, the results
are stored in arrays VF and ARG in blank COMMON. The lift coefficients for the
two angles of attack are stored in array CAE which is also a formal parameter.
The 1ift coefficient for 90° angle of attack is identical to the lift-curve
slope. The zero-lift angle is stored as ALN in COMMON/PRAL/. Subroutine PANEL
calls subroutine GAUSS.

BOUNDARY-LAYER SUBROUTINES

The heart of this portion of the program is subroutine GRS, which computes
one integration step using egquations (42) and (43). This subroutine can also
compute the effect of suction on the boundary layer, although it cannot deter-
mine the required surface porosities. Thus, the suction opticns have greater
significance if this subroutine is used independently. If this is done, the
fixed transition positions must be specified in COMMON/TRIT/ when using transi-
tion modes 1 and 2 as discussed later in this section. Subroutine GRS calls
subroutines GRUP, H12B, and UMP.

Subroutine GRUP provides the right-hand sides of equations (42) and (43) by
calling subroutine CDCF to obtain Cq and Ceg. Subroutine CDCF calls sub-

routine H12B to get Hj, from Hy,. The interconnection of these subroutines
is shown in figure 15. Of course, it is possible to substitute other expressions
for Cqr Ceg» and Hl’ by replacing subroutines GRUP and H128 with other

routines.
Subroutine GRS has as input parameters:
HVGL = H3, at the beginning of the step

D2

8, at the beginning of the step

UK U at the beginning of the step
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UKl = U at the end of the step

DL = the length of the step divided by the chord
WRE = VR

MU = the transition mode

MA = the suction mode

The values of UK and DL are changed during the execution of subroutine GRS.
The transition modes are:

MU = 0 - transition at laminar separation

MU = 1 or 2 - fixed transition where the transition positions are con-
tained in array XTRI in COMMON/TRIT/

MU = 3 - natural transition (See inegquality (58).)

MU > 3 - transition with roughness factor r = MU - 3
(See inegquality (58).)

The suction modes are:
MA = 0 - no suction
MA = 1, 2, or 3 - The suction is computed outside of subroutine GRS. 1In
these situations, V and V1 are also input parameters
where V is the suction velocity at the beginning of
the step and V1 is the suction velocity at the end of

the step.

MA =4, 5, 6, or 7 - The suction is computed within subroutine GRS such that
» H32 = a + b ln Réz (63)

(see ref. B8.) The values of a and b for the
different suction modes are obtained from arrays AA
and BB in COMMON/GRZK/.

MA = 8 - The suction velocity is !

aH, 5
V = 25(1.98 - Hip)8p —= (64)

- e

according to a suggestion made by August Raspet.l

!
lHead, Department of Aerophysics, Mississippi State University. '
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In all situations where ™A 2 4, the values of V and 71 are detormined in sub-
routine GRS. Only MA = 0 is permitted when using subroutinec GRS in the
present version of the program.

The ocutput paramcters (besides V and V1) of subroutine GRS are:
HR = Hyy at t$e end of the step

D2R = &, at the end of ;he st .p

XA = the length within the step which is not sagarated

AU = the length within the step which is laminar

DCR = the contribution of the stos—+3 the sucticn ccefficient
(Sce recf. 8.) ¥
Subroutine CRS also handles numerical instabiliczies &
reducing the step size thereby computing one step of lengt
"substeps.” (See ref. B.)

y autoratically
h DL as many shorter

If U =0 is specified in the input parametcrs, tie stagnation coint solu-
tion (eqs. (51)) is used. If D2 = 0 is specified, txe Blasius solucion
(egs. (54)) is used.

Subroutine GRP computes the boundarv-layer develec=ent for any given
velocity distribution and Reynolds number. It calls sutroutine G2S for cach
step where a step is the length which extends from one airfoil zoordinate to
the next, except for the stagnation point which can oczur tetween two coorci-
nates. Thus, the number of airfoil coordinates determincs the number of
boundary-layer steps to be computed. Up to five Reynolids numbers and their
associated transition modes can be handled in parallel. Subroutine GRS always
stores the results of a step for use in the next step, if sossible. This pro-
ccdure saves much computing time if one velocity dJdistrizution is analyzed at
several Reynolds numbers in parallel. Subroutine GRP is called from several
places in the main routine. It can handle, for fixed fe2ymolds numcers, velocity
distributions for many angles of attack with only one cell, or it can be
rescricted to only one angle of attack if the heynolds niter is to depend
on .

The velocity distributicns are compu<ed in funcsics “P2(i,I). The value
of the variable ITP .n COMWON/PRAL/ indicates whether t=a velccity fanction was
determined in the desiqgn or the analysis —ode and, ther=zf=r~, de*n:minus the
velocity formula to be selected (automatizally). The vaiue of the variable %
is the index of the airfoil coordinate at which the velzzity is =o be computed
and the angle of attack is obtaincd from the Ith valuec := array ALY in
COMMON/?PPAL/. The boundarv-layer subroutines arc, of couirse, no- concerned
with the source of the 7elocity function.

15
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Sudbrcutine GRP has as input parameters:

NAX * the number of angles of attack: if NAX < 0, |NAX| indicates
which single angle of attack to use

RE(JR) = the array of Reynolds numbers

MU(JR) = the array of transition modes

JR = the total number of Reynolds numbers for each o

ISTIFT = the pen number to be used for the boundary-layer plot

The results from subroutine GRP include:

(1) The boundary-layer developments, which can be printed and plotted

(2) The drag coefficient and the lengths of turbulent flow Seurp and
scparated flow ssep for each surface at all angles of attack «

and Reynolds numbers R; these values are stored in the blank COMMON

arrays CW, SA, and SU, respectively

(3) A boundary-layer summary containing Car SBeyppr and Sceps IOT each
surface and the total ¢4, c;, and m for the airfoil: these

values contain the viscous corrections computed in subroutine VISC
(The boundary-;ayer sunmary can be printed and plotted.)

ADDITIONAL RELATED SUBROUTINES

spline.

Subroutine MOMENT computes the potential-flow pitching-moment coefficient

Cn about the quarter-chord point and the section hinge-moment coefficient Cn
about the flap-hinge point,

Subroutine FLAP generates a new set of airfoil coordinates which ircorpo-
rate the deflection of a simple flap.

Subroutine FIZLES reads the coordinates of 8 given airfoil.
Subroutine CDCL plots the boundary-layer summary.
Subroutine DIA computes airfsil thickness.

Subroutine DIAGR plots the airfoil and its velocity distributions or the
Pressure envclope.

Logical functions YG4 and YG3 exclude portions of tlie plot generated by
subroutine DIAGR to prevent certain confusing line intersections.
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Subroutine STRAAK plots airfoils having various chord lengths.

Subroutine STRDR prints the coordinates in cm of the airfoils plotted by
subroutine STRAAK.

UTILITY SUBROUTINES

Subroutine WANDEL(N,NF,M,MHB) translates an integer number N into alpha-
numeric code. The result is contained in the array NF (M) with no leadihg zeros
and MHB blank spaces following the number. The array NF can be written in
format MALl.

Subroutine GAUSS(A,B,N,M,EPS) solves a system of N linear eguations having
M terms in the right-hand sides. The coefficient matrix is A(N,N) and the terms
in the right-hand sides are contained in the matrix B(N,M). EPS is a lower
limit for the determinant of A(N,N). 1If the determinant is less than EPS, a
warning is printed in subroutine GAUSS. The solution replaces the input B(N,M

Function RUND is a round-off procedure.
Functions SING and COSG calculate the sine and cosine of angles in degrees.

Subroutine QIP(X,Y,A) performs a quadratic interpolation which yields the
three coefficients of a parabola through three points.

Subroutine SPLITZ(X,Y,NQ,BETA) performs a spline fit of the NQ points
contained in arrays X(NQ) and Y(NQ). The result is the array of angles B8
normal to the spline curve at every point. This means that the tangent oriented
in the sense of increasing point number is rotated 90° in the mathematically
positive direction. Thus, B8 is the inner normal angle of an airfoil for which
the points are numbered in sequence from the trailing edge forward along the
upper surface to the leading edge with decreasing x and then along the lower
surface to the trailing edge with increasing x. This seguence is used in both

. the design and the panel methods. It yields -7 < 8 < m with no ambiguity.

Subroutine CINT(P,2,NQ,IZZ) numerically integrates P over NQ ordinates
and stores the result in array Z. All points are assumed to be ecuidistant, the
distance being 1. If 1IZZ = 0, the trapezoidal formula is used. If 1IZZ # O,

a third-order formula is used which assumes that the P values are periodic
with NQ - 1. The initial value of 2(1) 1is O.

INPUT AND OUTPUT (USER'S GUIDE)

PRINCIPLES OF INPUT

The secuence of execution within the program is controlled in a very
flexible manner by the input cards themselves. Each input card has a name in
the first four columns. Thus, an ALFA card has "ALFA" in the first four col-
umns and an RE card has "RE" plus two blanks. These blanks are part oi the
name and, therefore, those two columns must not be used for other purposes.
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The program reads this name and then branches to the appropriate portion
of the program. After performing the computations, printing, or plotting
irnitiated by the input card, the program returns to the starting point in the
main routine and reads the next input card. In effect, the program is asking
"What should I do next?"

some of the cards initiate computation, printing, or plotting which relies
on results generated by other cards. Thus, the sequence of cards is not com-
pletely arbitrary. See "Flow Chart and Input-Card Summary."

All of the data from a card remain unchanged until new data are read from
a card of the same type. Thus, it is possible to leave some data words blank

for many cards if the corresponding data words from a previous card are not to
be changed. Exceptions to this rule will be described in detail.

Every job must be terminated by an ENDE card. This card leads to the STOP
statement.
FORMAT OF DATA CARDS

All of the data cards except those containing airfoil coordinates are read
irn the same format - A4,3I1,I3,14F5.2. This means that each card contains in:

Columns 1-4, an alphanumeric card name

Columns 5-7, three integer numbers NUPA, NUPE, and NUPI having one digit
each

Columns 8-10, one integer number NUPU having three digits
Columns 11-870, fourteen floating point numbers each of which is in

format F5.2; these numbers are referred to as F-words Fy - Fyq in the
following description

First, a review of the use of format F5.2. Each number is read, using this

format, from a fixed group .of five columns on the card; all five columns are
read and blanks are read as zeros. If no decimal point is used, the digits in
the two right-hand columns are set behind the decimal point, the others ahead.
For example,

T T [-]0]5] is read as -0.05

[+T7]s5] | | is read as 75.00

If a decimal pcint is used, the second number of the format is neglected. For
example,
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[CToJo][3]7] is read as 0.0037

[CT3[77(9].] is read as -379.0

Thus, it is possible to read input numbers written with a decimal point which
would not fit into format F5.2 without a decimal point.

For some of the input cards, the F-words are multiplied by a factor before
they are used within the program. In the following description for example,

0.1 F; = K [F5.3]

might appear. When no decimal point is used in the F-word, this is ecquiva-
lent to reading K in format F5.3. Thus, K = 0.078 can be punched .

7T T 17(8] or [[.17]8] 1, butnot [ [ .10|718] wnich would

result in X = 0.0078. So, if an effective format appears in brackets as shown
above, it is valid only where a decimal point is not used.

OVERVIEW OF INPUT CARDS

The various input cards can be divided into the following four groups:
input for airfoil design, input for airfoil analysis, options for both design
and analysis modes, and options for boundary-layer analysis. The function of
each input card is shown in "Flow Chart and Input-Card Summary.”

The input for airfoil design is contained on three card types. The TRAl
card contains the arc limits and their corresponding a* wvalues. The TRA2 card
contains the pressure-recovery and closure-contribution parameters. The ABSZ
card allows the number of points on the circle to be multiplied by a specified
fac=or.

The input for airfoil analysis is also contained on three card types. The
FXPR card reads a set of airfoil coordinates. The PAN card switches the pro-
gram from the design mode to the analysis mode. The FLAP card alters the air-
foil shape to that corresponding to the deflection of a simple £flap.

The options for both design and analysis modes are contained on £ive card
types. The ALFA card contains the angles of attack to be analyzed. The PUXY
card punches the airfoil coordinates onto cards. The DIAG card plots velocity
distributions. The STRD and STRK cards together plot airfoils having various
chord lengths.

The options for boundary-layer analysis are contained on five card types.

The RE card contains the transition modes and Reynolds numbers. The FLZW card
contains the aircraft data necessary to compute the boundary-layer development
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where the Reynolds number is varied with aircraft 1ift coefficient and local
chord. The PLW card contains the additional aircraft data necessary to gener-
ate a polar. The PLWA card allows the aircraft data contained on the PLW card
to be modified in specified increments. The CDCL card plots the boundary-layer
summary, including section characteristics.

The ENDE card terminates the job.

INPUT FOR AIRFOIL DESIGN

As described in "Potential-Flow Airfoil Design Method," an airfoi% design
is specified by several arcs with limits ¢i having a* values of oy and
the parameters_for the recovery functions and the closure contribgtions which
include ¢, ¢, ¢g, and ¢g5. The arc limits as well as ¢, ¢, o,

and ¢s are not specified in degrees but, instead, relative to point numbers.
The airfoil points computed are images of eguidistant points on the [ circle.
The number of points n_. on the circle can be specified but must be divisible
by 4. Thus,

Ad = 2m/n; = 360°/n,

and
Vi = 0;/00
A = 6u/00
X = (2n - $w)/h¢
AY = ¢g/b0

a* (ZW - 55)/Z¢ 7

A practical number of points n_. is 60. This means that A¢ = 360°/60 = &°.

In this situation, V; = 15 specifies an arc limit which corresponds to a
point around the midchord of the upper surface of the airfoil, whereas Vv; = 30
is near the leading edge and V; = 45 is near the midchord of the lower sur-
face. If Vi is an integer number, the arc limit specified by V; corresponds
to a point on the airfoil. If Vv; is a decimal number, the arc limit occurs
between two points on the airfoil. The same is true of the A values which
specify the beginnings of the pressure-recovery and closure-contribution
regions. Of course, symmetric airfoils have A = A and A* = A*,

The arc limit v, 1e M™ust not be specified. One arc limit, however, must
’

i
be reserved for Vv, . This is achieved by setting V. = 0 in the input.
i,le i,le

The program then computes the correct value of vi,le'
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The input data for the design method is contained on three card types.
*

The TRAl card specifies the arc limits V; and their corresponding & values.

The TRA2 card specifies the pressure-recovery and closure-contribution param-
eters used in equations (20) and (21), the iteration mode, and the amount of
pressure recovery to be achieved by the closure contribution Xg + RH' The
ABSZ card offers some additional options.

TRA1l Card
NUPA and NUPE are neglected.
NUPT and NUPU = airfoil identification number (4 digits)
F) = vy (F5.2)
Fy = a; in degrees relative to the zero-1ift line (F5.2
(F3,54) = (v5,03) and so on

£ more than seven arcs are to be specified, another TRAl card must be included,
with columns 5-10 identical to those on the first TRAl card. On this second
TRAl card, Fl = Vs, Fz = a;, and so on. Up to four TRAl cards (28 arcs) are
allowed for any one airfoil design. The number of points on the circle comes
from the last arc limit v; = vIa. This number must be divisible Ly 4.

The leading-edge arc limit must be specified by Vi,le = 0. The value of
Vi,1e Wwhich is computed by the program must be between V;j je-1 and Vj je+l-
Thus, if the value of Vile-1 is too large or the value of Vilesl is too
small, inequalities (l8a) cannot be satisfied and no solution for Vi,1e can
be found. 1In this situation, the program will print a message and then stop.
Also, remember from inegquality (18b) that a;,le > a;,le+l‘

It is recommended that arc limits which do not correspond exactly to the
points on the airfoil be specified. Arc limits which will f£all between points
(for example, V; = 16.5) yield velocity distributions which are slightly
smoothed. This was done on airfoil 1098 which is shown in figure 6. The
TRAl card for this airfoil is:

L

TRal 1T TS0 200 BTE0 Lo00 Qe 1200 f000 0 200
[ 1]

o

L ‘ll”tl'l'l’l'iliﬁli’ﬂt?ﬂﬂ.‘l"\«‘iull”)l“:fﬂ!‘B“Z.‘!lnuul!‘ludulfliﬂililX]!Iu.:ﬂi'ﬂtluillIiZ!l“iiZ Ay T ie i an e

which implies that A4¢ = 6° and, therefore,
- . - o * _ o0
v, = 23.5 ¢1 141 ¢y 8
v, = 27.5 ¢, = 165° ay = 10°
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*
V3= Vi1e - 0 ¢ = ¢ 1e az = 12
) = = = o *= o( *
\4 n, 60 ¢)4 360 o, 2 aq
TRA2 Card

NUPA, NUPE, NUPI, and NUPU are neglected. Columns 7-10 can, therefore, be
used for the airfoil identification number, if desired.

¥ (F5.2)

'
-
L}

= A {F5.2)

)
[N)
)

F3 = recovery specification mode RSMyg (F5.2) which determines the inter-
pretation of F4, and Fg as follows:

RSMU.S 0.1F4 0.1}?5
0 K [F5.3] u [F5.3]
1 w'[F5.3] w [F5.3]
2 u [F5.3] w [F5.3]
_ 3
Fg = A" (F5.2)
Fy = A (F5.2)
Fg = RSM;¢ (F5.2) which determines the interpretation of Fg and Fjq

as follows:

RSM, ¢ 0.1Fg 0.1F),
K [F5.3] u [F5.3]

1 w'[F5.3] @ [F5.3]

2 u [F5.3] w [F5.3]

Fll = ITMOD = the iteration mode to be used to achieve the desired
value of Kg (F5.2)

0.1F), = Ky = the desired value of Kg (= Ky + Ky) [F5.3]

0.1F13 = K¢ol = the tolerance on the achievement of Kp; XKio1 = 0,
normally [F5.3])
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Fig - Determines which integration scheme is to be used to compute the
x/c and y/c airfoil coordinates (F5.2). If Fj4 = 0 (normal),
a trapezoidal-rule integration is performed. If Fj4 # O, a third-
order integration is performed.

The following iteration mode§ can be used to achieve the desired trailing-
edge angle as indicated by Ky + Ky:

ITMOD = 0 - No iteratiog is performed; Fi, and Fi5 are neglected and
Ky and Ky are determined by the other design parameters

ITMOD = 1 - All a; for the upper surface (i £ ijg) are replaced by
*
ai+Aa
ITMOD = 2 - All a} for the lower surface (i > i;.) are replaced by
af + Aa '
i
ITMOD = 3 - All upper-surface a; (1 & i) are replaced by a; + Aa  and
all lower-surface a; (i > ile) are replaced by aI - A

ITMOD = 4 - K is replaced by K + AK
ITMOD = 5 - K is replaced by K + AK

ITMOD = 6 - K is replaced by X + AK and K is replaced by X + AX

* *

ITMOD = 7 - a4 1e 1is replaced by %5,1e * Ao
_ At . *
ITMOD = 8 o le+1l 1S replaced by O je+l T Ao
_ _ oA . * * .
ITMOD = 9 %5 1e is replaced by %51 * Ao and %5, 1e+l IS replaced
bY Gy, 1e+1 T A

In all situations, A4a or AK is determined such that Ky + EH = Kg = Xg
which is specified by Flz‘ During the iteration, Aa is rounded off to two
figures and K to three figures to the right of the decimal point. Therefore,
Ky may not be exactly equal to Kg. '

The TRA2 card initiates the design of the specified airfoil. The x/c
and y/c airfoil coordinates and the inner normal angles are stored in blank
COMMON arrays X, Y, and ARG, respectively, and the velocity function

v/éos (% - a) in blank COMMON array VF.

Normally, the program prints all of the V; values, including Vv, ...
and their corresponding a; values as well as the pressure-recovery and
closure-contribution parameters twice; once with the input values and once with
the final values from the last iteration. Between these two tables, one line
per iteration is printed which contains the values of Xg and Az or 4K for
that iteration. Other print modes are controlled by the parameter mtr on the
ABSZ card as discussed in the next section.
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The TRA2 card for airfoil 1098 is shown below.

TR2Z  P0RT O An0 14T0 BO0 Q000 £T00 400 1450 200 p00r 2S00 S00 400 ol COf

< i

120 0815 AN ULIENAREBRINANIUDUBRIBAGHNUMBCOHNN RUBBUEDAIBVHURDBGEI U N NNAKLNAN

The printout initiated by this TRA2 card with' mtr = 1 follows:

TRANSCENDENTAL EQUATION RESULTS AIRFODIL 1098 ITERATICN O MODE 6
NU ALPHA® OMEGA' OMEGA K HU K H LAMBDA LAMBDA=x

23.50 8.00 1.137 «650 +598 1.000 608 14,50 4,00

27,50 10.C0

32.01 12,00

60.00 2.00 1,137 «650 «598 1.000 « 091 14.50 4.00

ITERATION 1 K S = =.311031 DELTA = =,0703904% ROUNDED = <=,.07
ITERATIGN 2 K S s ,390738 DELTA = -,00092388 ROUNDED = =,C0O
ITERATION 3 K S = 400941 DELTA = «00009223 ROUNDED = 0,00

TRANSCENDENTAL EQUATION RESULTS AIRFOIL 1098 ITERATION 3 MODE 6
NU ALPHAZ (OMEGA' (OMEGA K MU K H LAMBDA LAMBDA*

23.50 8.00 1,192 <639 627 1.000 <459 14,50 4,00

27.50 10.00 ~

32.01 12.00

60,00 2.00 1.192 « 639 «627 1.000 -.058 14.50 4.00

ABSZ Card

Two options are controlled by this card. First, the print mode mtr for
the design iteration can be changed and, second, the number of points NQ in
the design subroutine can be changed.

If LJPA # 0, mtr = NUPE (Il):
mtr = 0 - No printout
mtr = 1 - Printout as described in the preceding section
mtr 2 2 - Printout of every iteration

NUPI, NUPU, and F; are neglected.
If F2 # O, ABFA = Fz (F5.2):

ABFA is a factor by which all Vv; values on the TRAl cards as well
as A, A*, X, and A* on the TRAZ card are multiplied. This
factor allows the number of points ~ for a given airfoil design
whose TRA1l and TRA2 cards have already been punched to be changed
without having to repunch the TRAl and TRA2 cards. Note that the
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value of the last arc limit, Vi, ° ABFA, must still be divisible

c
foil can be changed to n. = 108 by setting ABFA = 1.8. Remember
that, if the arc limits on the TRAl cards were selected such that
they would fall midway between the points on the airfoil, this will
no longer be true if ABFA # 1.

by 4. Thus, the number of points n_. = vIa = 60 for a given air-

The print mode mtr and factor ABFA remain in effect until the nex:t ABSZ
card is read. Thus, an ABSZ card with F, = 1 resets ABFA = 1. Initially,
within the program, mtr is automatically set to 1 and ABFA to 1.

INPUT FOR AIRFOIL ANALYSIS

The potential-flow airfoil analysis method requires only a set of airfoil :
coordinates. Because these coordinates do not conveniently fit into the format
used for all the other input cards, they are read by a separate subroutine
FIXLES which is called if an FXPR card is used. This subroutine reads the
coordinates into blank COMMON arrays X and Y in the correct sequence (i.e.,
from the trailing edge forward along the upper surface, around the leading
edge, and back along the lower surface to the trailing edge). The output from
the panel method is controlled by print mode mpa.

FXPR Card

If NUPA # 0, mpa = NUPE (Il):

mpa = 0 - No printout

mpa = 1 or 2 - Only the headline containing the lift coefficients
for 0° and 90° angle of attack and the zero-lift
angle is printed

mpa 2 3 - The headline plus the airfoil coordinates, the velocities

for 0° and 90° angle of attack, and the slope angles are
Printed :

I£f NUPA = 9, mpa = NUPE but no panel-method analysis is performed.
NUPI is neglected. The value of NUPU is transferred to subroutine FIXLES
via variable ITP and allows various formats for the reading of the air-
foil coordinates to be selected.

The print mode mpa is initially automatically set to 1 within the program.
The F-words specify additional points to be splined in between the original

coordinates as read following an FXPR card. The five digits of F; are
denoted aabdd:
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If aa = 00, one point is inserted at x/c = 0.4d on the upper
surface, if b = 0; on the lower surface, if b = 1.

If aa ¥ 00, b points are inserted between points aa and aa + 1.
The new points are spaced eguidistantly aleng the straight line
between the two original points, if 0.4d > x,,/c and
0.4d > x ,,1/¢; otherwise, the points are spaced such that, in the
equation x/c = 1/2 (1 + cos ¢), the angles ¢ corresponding to

the new points are equiangular.

The ability to insert additional points frequently allows the accuracy of
the results to be improved if portions of the airfoil have sparse numbers of
points. Near the trailing edge where the velocity is changing rapidly, it is
recommended that the new points be spaced equiangularly on the circle. A
value of dd = 85 has proven to be good for this purpose.

This capability must be used cautiously in one respect, however. The
number of all the points in arrays X and Y behind the inserted points are
increased by the number of inserted points. The simplest way to avoid diffi-
culties is to specify the F-words with decreasing values of aa. This means
that aa for F; should be greater than aa for F, which should be greater than
aa for Fg, and so on.

The following example illustrates the use of this capability. The NACA
é-series airfoils are defined by 26 points on each surface which results in a
total of 51 points where the leading edge is point 26. (One of the two identi-
cal leading-edge points is omitted.) The points near the trailing edge
(x7/c = 1.00, xp/c = 0.95, and x3/c = 0.90), as well as those near the
leading edge, are too widely spaced to obtain accurate results from the panel
method. The FXPR card which follows

Fza T0z7E4P1I521ETETIET021250123S

[t

K P B L N R WUMARNDENNANNNIBEAIDE LBV UL CHUUON uun;lusnn:'uuu:lus:nuuuuuuuunnn--uununul

inserts two points on each surface between x/c = 0.95 and 1.00 in the
equiangular-spacing mode (words Fj and Fg), one point on each surface between
x/c = 0.90 and 0.95 in the equiangular-spacing mode (words F, and Fg), and
one point between the leading edge and the first point on each surface (words
F3 and Fyg) in the equidistant-spacing mode. Thus, a total of eight points is
inserted.

Following the execution of subroutine PANEL, the airfoil coordinates are
stored in blank COMMON arrays X and Y and the vorticities for a = 0° and 900,
in arrays VF and ARG. Thus, all the data required by function VPR for computing
the velocity at every point for every angle of attack are available.

Subroutine FIXLES handles the input of an airfoil to be analyzed in the
following manner. First, the airfoil name is read in format 12Al1 into array
NAMP (12) in COMMON/PRAL/. Then, the airfoil coordinates x;/c and yi/C,
where 1 =1, 2, . . . ng, are read into blank COMMON arrays X(121) ané Y(121).
The sequence of the points begins at the trailing edge and extends forward
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along the upper surface, around the leading edge, and then, back along the
lower surface to the trailing edge. Thus, the trailing-edge point must appear
twice, even if the trailing edge is sharp, whereas the leading-edge point
should appear only once. The total number of points ng; is then written into
blank COMMON variable NQ. The value of ng £ 121. Finally, the slope of the
upper surface dus near the trailing edge is written into variable DLT in
COMMON/PRAL/, the lower-surface slope 615 into DLTU. The definition of these
slopes is such that, for symmetric airfoils, éus = 515' Because most airfoils
are not very smooth along the region which surrounds the trailing edge, it is
recommended that some point (x,y); on the upper surface and some point

(x,y)j on the lower surface be selected such that x;/c = 0.9 and Xj/c z 0.9.

Thus,

(o)
|

us = ¥i/(c = x3)

and

615 Yj/(c - X])

In the present version of the program, a simple form of subroutine FIXLES
is included which reads the following cards:

(1) A card with only the airfeoil name in columns 1-12 (12Al)

(2) A card with the number of upper-surface points MUP and the numker of
lower-surface points MLOW in columns 1-10 (2I5)

{(3) Four sets of cards containing the MUP x/c¢ values, MUP y/c values,
MLOW x/c values, and MLOW vy/c values (8F10.5). Thus, all of
these cards have eight values each, except the last card in each
set, which could have less than eight values. The segquence of the
points within each set is from the leading edge back to the trailing
edge. The leading edge must appear in each set. One leading-edge
point is automatically omitted during the execution of subroutine
FIXLES. The total number of points NQ is therefore MUP + MLOW - 1

It is, of course, easy to adapt subroutine FIXLES to other card Zormats.

PAN Card
The PAN card switches the program from the design mode to the analysis
mede and is, therefore, required if the panel method is to be employed follow-
ing a design (TRAl and TRA2 cards). It contains the same options regarding the
print mode and the insertion of points as the FXPR card. No PAN card is
required after an FXPR card.
NUPA and NUPE - See "FXPR Card"

Fi - See "FXPR Card"
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FLAP Card

The shape of an airfoil analyzed by the panel method can be altered so as
to correspond to the deflection of a simple flap. Because the panel method
does not allow sharp corners in the airfoil surface, a transition arc between
the flap and the forward portion of the airfoil must be introduced. Such a
transition arc occurs "naturally" on the convex side of a real wing, but not on
the concave side where a corner is formed. This concave corner, however, is
smoothed by a locally separated region and, therefore, it is reasonable to
introduce a transition arc there as well.

NUPZ, NUPE, NUPI, and NUPU are neglected.

0.01Fy = flap chcrd, cg/c [FS5.4]

0.01F, = y/c-position of the flap hinge [F5.4];
thus, the flap-hinge point is located at Xp/c = 1.0 = Fy
and yp/c = Fy

0.01F3 = one half of the transition arc length sp/c [F5.4];

sp/c is typically 0.04 to 0.06, depending on the amount of
flap deflection

F4 = flap deflection 6; in degrees, positive downward (F5.2)

The panel method is called automatically after a FLAP card is read. A
FLAP card, however, requires data from a preceding panel method analysis.
Therefore, an airfoil generated in the design mode requires a PAN card before
a FLAP card can be used. A sample FLAP card will be given after the description
in "DIAG Card."

OPTIONS FOR BOTH DESIGN AND ANALYSIS MODES

After obtaining an airfoil in either the design or analysis mode, several
options are available for generating additional printed, punched, and plotted
output. All of the options are independent of the mode in which the airfoil was
obtained.

ALFA Card

The ALFA card has two different functions. First, it initiates the storage
of up to 14 values of o as well as the pitching-moment and hinge-moment coef-
ficients for those values, all of which are available for other options.

Second, it initiates additional output, called the x-y-v listing, containing
the x/c¢ and y/c airfoil coordinates and the velocity (or pressure-
coefficient) distributions for all values of a. This listing is printed
according to print mode mxy. Also, a listing of the moment coefficients is
printed according to print mode mcm.
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mecm = NUPA (Il):
mem = 1 ~ Printout of moment coefficients for all values of «
mcm ¥ 1 - No printout

mcm is always set to the value of NUPA if NUPU # 0 and, therefore,
mcm is only in effect until the next ALFA card with NUPU # 0 1is
read.

If WNUPA # O, mxy = NUPE(Il):
mxy = Q0 - No printout

mxy # O - The airfoil coordinates and the velocity (or Cp) distri-
butions for all values of « i.e., x-y-v listing) are .
printed.

If NUPA = 0 (normal), mxy remains as previously set. The preset value is
mxy # O.

If NUPA = 1, in addition to the above, the subroutine PANEL print mode mpa
is set to NUPE + 1. The usual combination for moment-coefficient print-
outs is NUPA =1 and NUPE = 0, which results in only the headlines
from subroutine PANEL being printed between the moment-coefficient
listings while the coordinate and velocity-distribution listings
(x-y-v listings) are suppressed. This combination yields moment-
coefficient listings which are easily surveyed.

NUPI = O - The values of a; are interpreted as being relative to the
zero-lift line, and the x-y-v listing contains velocity
(v/U,) distributions.

NUPI = 1 - The values of @; are interpreted as being relative to the
chord line, and the x-y-v listing contains velocity
distributions.

NUPI = 2 - The values of «aj are interpreted as being relative to the
zero-lift line, and the x-y-v listing contains pressure-
coefficient (Cp) distributions.

NUPI = 3 - The values of Qa; are interpreted as being relative to the

chord line, and the x~-y-v listing contains pressure-
coefficient distributions.

NUPU

ny = the number of F-words to be read (I3)

NUPU

0 - NUPI, ny. and the values of o3 from the immediately pre-

ceding ALFA card with NUPU # O are used. If the first
ALFA card contains NUPU = 0, the program will terminate.
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F. (i = l,na) - Values of oy in degrees (F5.2)

-99, oy = a;. This option is sometimes helpful if the values of ;

* .
ai have been iterated.

nA

Internally, the program uses only @ relative to the zero-lift line. If %
NUPI = 1 or 3, all values of ac,i are translated into values of a; relative :
to the zero-lift line and then back to values of Qe i relative to the chord ‘
line only for output. If Fj 2 -99, the value of ay (= a;) is always relative
to “he zero-lift lire. This option yields constant velocity over the ith seg-
ment of the airfoil. If NUPI = 1 or 3, the value of oay is translated into

the value of o relative to the chord line for output which, therefore, does

c,1
no+< give a; but instead, a; - Qg- 1f Fy S -99 occurs with i > I, or
before the design mode is used, the program will terminate.

The following cards illustrate some of the ALFA-card options.

=LF =2 S pih-2333 0 200 200

e D RN BNNNND LR UNUO L UG NIRN N UNE TN MODOMRBUVANNI NN IR

The moment coefficients are not printed (mcm = NUPA = 2 # 1); the x=-y-v list-
in7 containing velocities is printed (NUPA # O, therefore, mxy = NUPE = 1l;
IFI = 9); and ay = 1°, Oy = a;, as = 2%, and 0y = 3°, all relative to the
zaro-lift line (NUPI = 0).

GLFe 5 z00 400 &0 200 1000

RN TN R N Y R I s N s R L O L L AL U )

The moment coefficients are not printed (mcm = NUPA = (), and mxy remains as
prrevicusly set (NUPA = 0). If mxy # O, the x-y-v 1listing containing pres-

sure coefficients is printed (NUPI = 3) with a; = 2°, 4°, &°, 8°, and 10°
relative to the chord line (NUPI = 3). i

! : LEoesyn 1."!!!':lln"!ll”!'l.‘?lfl?‘.-‘i)l.’ln.l‘-”n)ﬂhl:‘l”ﬂhl!li“l)u"tlllll‘.l"!I'ABB!IBﬁﬂlll)ﬂu“l:‘r“ﬂ'l“"ﬂ‘lhl”.ﬂ.l |

NUPI, ng, and the values of a; from the immediately preceding ALFA card with
WrPU # 0 are used.

Loy
o

f

Tox

[ LR R IR R ”llll”)!ﬁﬂkﬂﬂll.'l.‘l.lll?l:llu“”ﬂﬂ‘.n"uullu-‘:ﬂn‘)!ﬂn“ﬂ',l‘.l.i\l‘linl.'ﬂuuul'llﬂl,l'.‘.’l?l'!lll?ln.l

WUPI, ny, and the values of aj from the immediately preceding ALFA card with
NUPU ¥ 0 are used. The moment coefficients and the x-y-v 1listing are not
printed (NUPA = 2 # 0, therefore, mxy = NUPE = 0).
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The following card sequence contains the cards required to print those
results which are plotted in figures 4, S5, and 7.

EECD S N U YL K

TEOS0RT 2ITH

|.vl R R R R R R R LN »"lﬂliu-vﬂﬂ‘lﬂua",luk)lﬁ':i“i»l?uid'ﬂq‘"ilNI‘ L A L)

QR0 1ATH FO0LAN0L £1E S00 1450 Ze0-100R £180 S0 @R 00r ood

v TR R P N I I R e R S I L IR TEENEEEEERELELD

aem IT

RN REHER RN RN EEEE I I R R R T O N N e I R I L

Cod ann e R0en -0

—
R R R R I e N I s O R R K R I R I L U I I UL R

oz 109D S0 1490 ZOC-L000 £12 Q00 1450 Zee-r000 S0 ¥0d 000 Qoo Qor

o ! R I R R N E N I I e R N I R I L AR IR

SRS T PRI
“-! P R R E R EHEE R R N R R L R R R R O R R N I NI L )
TRat LOE7 1aSh e R 200 S000 200

e ! [ L ) A R I R R R R L R R U I B R TR TR R R N R L R R e R o N N I e S L R T ;|

TR ANRT 400 12TH 000 EET 100n 400 1450 QR £EF t000 To0 20w i
e CL B Iy AN DTN RN AN N ENLAHNB QMU GA AN SR SR s e T R
wUF S 4 1200

D -
[ i & RN R R N R I N R R N R R N R I RO R

PUXY Card

This card initiates only the punching of the airfoil coordinates x/c
and y/c and the inner normal angles £ onto cards via tape 4. Columns 1-5
on each punched card contain the airfoil name. If this name comes from the
analysis mode, columns 3-7 of the name are used. If this name comes from the
design mode, one blank followed by the four digits of the airfoil number are

used. Columns 6-8 contain the number of the first point punched on that card.

Columns 9-30 contain four groups of three numbers each which are the x/c, vy
and B wvalues for one point. No decimal points are punched. The format is
such that the x/c¢ and vy/c values can be read in format F6.5 and the

B values in format F6.4. The ‘punching is performed in a separate subroutine
PUDECX which is easily modified to allow other formats.

ORICINAL ponE 1y
OF POOR QUALITY
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DIAG Card
This card initiates the plotting of two different diagrams.
NUPA and NUPE are neglected.

NUPI

0 - A diagram containing the airfoil shape and the velocity distri-
butions for all the values of o on the preceding ALFA card
is plotted. If F; # 0, 100F; = the length of the x-axis
in mm [F5.0]. The preset value of Fj; 1is 177.8 mm
(7.000 in.).

NUPI = 1 - A so-called pressure envelope diagram is plotted with Cp,minl
as the abscissa and & as the ordinate. All values of a
from the preceding ALFA card are used. The range of «
values which can be plotted is from -5° to 15°. The a-axis
is only drawn as long as necessary within this range, however.
If this range and, accordingly, the a-axis must be extended,
the lower and upper limits can be specified by Fj-= Op;, 1in
degrees (F5.2) and Fy = o .. in degrees (F5.2). If F; =0,
Qmin remains as previously set. If Fp =0, op.. remains
as previously set.

mbt = NJPU (I3) - This option allows several different sets of data to be
plotted in one diagram.

mbt = 0 - Axes are drawn, one set of data is plotted, and the diagram
is terminated (i.e., closed to further rlotting).

mbt = 1 - Axes are drawn, one set of data is plotted, and the diagram
is open to further plotting.

mbt = 2 - No axes are drawn and one set of data is plotted into the
existing diagram which is then terminated.

mbt = 3 - No axes are drawn and one set of data is plotted into the
existing diagram which remains open to further plotting.

Obviously, mbt is valid only for the one DIAG card in which it is contained.

It must be remembered that no other plots can be generated between two
sets of data to be plotted in the same diagram.

The following card sequence plots into one dlagram the two sets of velocity

distributions for airfoil 1098 at a = 20, 80, 10° , and 12 relative to the
zerc-1ift line from the design and the analysis modes.
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If the printing mode was not set prior to the first ALFA card, two x-y-v
listings would be printed and between them a headline from the panel method.
The second ALFA card can be left out. The second set of data would be plotted
correctly without it although the second x-y-v listing would not be printed.

The following card sequence plots into one diagram the velocity distribu-
tions for an airfoil with and without flap deflections. Three velocity distri-
butions, all at o = 0° relative to the chord line, corresponding to flap
deflections of 0°, 10°, and -10° are plotted. The cards shown must cbviously
be preceded by TRAl, TRA2, and PAN cards or by an FXPR card plus airfoil
coordinates.
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The specification of none of the parameters on the second and third ALFA

cards (i.e., ALFA cards with only the card name on them) or having NUPU = O
on them would result in the same diagram. If no x-y-v 1listings are to be
printed, the first ALFA card should be ‘
cUFeZzit 1 Do
-! ) 31 e BN NSuMl D INANDANIRITIANBRN 5.’11)0Iill'ln“l'ﬂléllu“llﬂlll!l\!ll!l\l!l!M:’“l’l!'!uuull“.n"nll'l Hllll!l-l
STRD Card

This card prepares the data for the plotting of airfoils having various
choré lengths.

NUPA, NUPE, and NUPI are neglected.

NJPU controls the plot mcde mxz for the subsequent plots initiated by
STRK cards.

If NUPU # 0, mxz = NUPU (I3):

mxz > 0 - The chord line is plotted.

mxz < O - The chord line is not plotted.
If NUPU = 0, mxz remains as previously set. The preset value is mxz < 0.
100F; = YBL [F5.0]:

lYBLI = the vertical extent of the plot in mm. The sign of YBL deter-
mines the interpretation of Fj;.

100F, = RUa [F5.0]:

RUA = the vertical shift in mm of the chord line from one airfoil to
the next, if YBL < 0.
RUA = the vertical shift in mm between the upper surface of one airfoil

and the lower surface of the next, if YBL > 0.

STRK Card
This card initiates a plot and a listing of the airfoil coordinates
generated by the preceding TRAl and TRAZ or FXPR card for various chord lengths.
An STRK card must, obviously, be preceded by an STRD card.
NUPA and NUPE are neglected.

NUPI = 9 - The listing is printed although the plot is suppressed.

NUPI # 9 - Both the listing and the plot are generated.
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NUPU = NC = the number of airfoils having various chord lengths to be
plotted in one plotting procedure (I3)

NC > O - The chord lengths specified by the F-words on this STRK card
are stored in the chord array starting from the beginning

of the array.

NC < 0 - The chord- lengths specified by the F-words on this STRX card
are stored in the chord array starting immediately after
the chord lengths already stored there.

INCI > 14 - The diagram is not piotted and the program reguires
additional chord lengths.

INCI € 14 - The diagram containing all of the airfoils for which
chord lengths have been stored so far is plotted.
If NUPI # 9, the listing is printed.
0.01F; = c; = the chord lengths in m [F5.4]. Only 0.0lF; is used. If

F; < 0, the diagram containing the airfoils already plotted
is terminated before the diagram containing the airfoil
having chord cj is initiated. Any airfoil having a

chord ¢j < 1 mm is not plotted. 1If the preceding dia-
gram has been terminated, a new one will not be initiated
for an airfoil having a chord ¢j < 1 mm. It should be
noted that a diagram cannot be terminated unless the last

c; < -1 mm.

Thus it is possible to plot several airfoils in one diagram. The following
sequence of cards plots two different airfoils in one diagram. The airfoils
both have chords of 0.500 m and are separated by 5 mm. The chord lines for both
airfoils are plotted, and the diagram is terminated at the end of the card
sequence. Obviously, the TRA1 and TRA2 cards for the first airfoil must pre-
cede the first two cards in the sequence while the TRAl and TRA2 cards for the
second airfoil must be included between the second and third cards.

TRA1 and TRA2 cards (first airfoil)

P N
STED 1 oo ]

:.‘.—.‘.|illl('l\.":llullllilni r.‘!l.'l!l.'lil.“"nl)lﬂ‘uuu,u!Y}I!llll'l!Illlullullllﬂ\l”u.tuH\ll”l‘lli‘lﬂhh“i'“ﬂ3]:1T:'l'l'\lil)lll‘!]
TRk 1 Shan
,‘*:o;e'1!.l:»‘!1:-wmv:!v|:|7>nuununnnnunuu:suuunuuuuuu-uuun:‘.;u:nnu:l\::aunuuu-xunnuun':'l'lnnum

TRA]l and TRA2 cards (second airfoil)

SR 1 T0ng -3
|..-—||A;6‘I!I‘!v"lu\s‘i!"ll'!ll'ﬂ'lfl.'\l‘)'."l)lllllIDlI!‘;*il".Inﬂlllluunlnull,‘\t‘Jsls&ii:li’ﬂrlllillruul\ntluk:all“H'l‘s}ll!lll!ﬂ
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If the second STRK card had contained NUPU = 0, the chord from the preceding
STRK card would have been used and the diagram would have remained open to
further plotting.

OPTIONS FOR BOUNDARY-LAYER ANALYSIS

The boundary-layer method within the program requires the velocity-
distribution data generated by the potential-flow airfoil method. Obviously,
the program will terminate if boundary-layer computations are initiated without
these data. The velocity distributions can be generated in either the design
mode or in the analysis mode.

RE Card

This card specifies up to five pairs of d&ata, each containing a transition
mode MU and a Reynolds number R. Boundary-layer computations for every MU-R
pair are performed using the velocity distributions v(x,a) for all of the
valves of a contained on the preceding ALFA card. The program will terminate
if there is no ALFA card somewhere ahead of the RE card. The output from the
boundary-layer analysis is printed and plotted according to print mode mpr and
Flot mode mpl. A summary of the results is stored in blank COMMON arrays CW,
SA, and SU which remain available for other procedures.

If NUPA ¥ 0, mpr = NUPE (Il) and mpl = NUPI (Il):

mpr 0 - no printout

mpr = 1 - Only the summary which contains the 1lift, drag, and
pitching-moment coefficients, including viscous correc-
tions, as well as the arc lengths of turbulent and
separated flows on both airfoil surfaces plus an indica-
tion of the laminar separation bubble analog is printed.

mpr > 1 ~ In addition to the summary, the boundary-layer development
along both surfaces for every MU-R pair and all of the
values of a contained on the preceding ALFA card is
printed. This printout contains in the first two columns
the arc length s/c starting at the stagnation point and
the potential-flow velocity v/U,. Then, for each MU-R
pair, two columns are printed; the first one always con-
tains H32 and the second one contains 62 if mpr = 2,
10"'6R52 if mpr = 3, or §; if mpr = 4. This second

column is entitled DELTA2, RDELTA2, or DELTAL.

mpl = 0 - no plots
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mpl = i £ 5 - The boundary-layer development for the ith MU-R pair is
plotted as R52 versus Hjz, as described in

"Boundary-Layer Development."” Two plots are generated.
The left one is for the upper surface of the airfoil
and the right one for the lower surZace. Each plot
contains one curve for each of the values of & con-
tained on the preceding ALFA card.

If NUPA = 0, mpr and mpl remain as previously set. The preset values
are mpr = 1 and mpl = 0.

NUPU is neglected.

F] - first digit = the suction mode MA (normally zerc)
second digit = the transition mode MU

105F2 = Reynolds number = 1073R [F5.0]

1t FZ = 0, the MU-R pairs and the values of xy/c from the preceding
RE card are used.

(F3,F4) = (MUy,Rp) and so on up to (Fg,F19) = (MUs5.Rg)
F13 - F14 are only required if the transition mode MU = 1l or2 i.e.,
fixed transition). In this situation,
0.01F3; = (xqp/clyg for MU =1 (F5.4]
0.01Fj5 = (xp/c)yg for MU =1 [Fs.4]

(xp/c)yg for MU = 2 [F5.4]

0.01F,4

0.01F;, = (xp/C)yg for MU = 2 [F5.4]

The values of xp/c are only in effect until an RE card with Fp # 0 is
read. The transition modes are

MU = 0 - transition at laminar separation

MU = 1 or 2 - fixed transition at (xp/cl,g and (xp/clig

MU = 3 - natural transition (see inequality (58))

MU > 3 - transition with roughness factor r = MU - 3 (see inequality (58))

The following RE card initiates three boundary-laver computations for
each value of @ contained on the preceding ALFA card. The first computation
is for R =1 X 10® with fixed transition at (x/c)us = 0.05 and
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(x/c)yg = €.07. The second computation is for R = 3 X 106 with fixed transi-
tion at (x/c)us = 0.10 and (x/c)ls = 0.12. The third computation is for

R =1 x 105 with natural transition. The boundary-layer development containing
R62 is printed for all three Reynolds numbers and plotted for R = 1 x 10°.

<~ A
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The following typical card sequence generates the boundary-layer diagram,
of which the left-hand plot is shown in figure 13, as well as the transcendental
equation results listed on page 44.
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This card sequence also generates the x-y-v listing and the boundary-layer
summary which follow:

58



e e et e A

AIRFCIL 1098
X

1.00000
96823
«98974
96952
«94011
92167
+88588
«85403
- PEY-E]
JT7265
.72023
«68274
53668
436071
84562
50088
45573
«41056
568
32157
27879
£23777
«19808
.16280
«12906)
.09e71
.07328
05064
«032Q1
+0179%3
.00729
«00127
«00Ce7
00829
01868
03665
.0%916
08843
.11788
.15310
219188
223307
227555
032267

ATPFOIL 1098

N
[ Y
LY
~
&7
~8
49
50
s1
$2
*3
54
55
¢
7
H )
59
(1]

x
«38938
h1893
sh0524
.51%09
«56663

Le61817
«67190
72391
PT7822
.82181
<94569
L0672
«93808
96485
984123
«99608

1.00000

18.97%
Y

0.00000
«00097
004607
<0091
01840
Q2278
03121
04088
.0%162
06320
07829
« 08706
+£9920
+169913
«11878
12472
«12763
.12819
.120682
«12367
.11891
«11267
10810
+09831
08640
«073523
«061397
09198
«03973%
«02735
«01%85%
.00%29

-.00298

-.009089

-.01708

~.02421

-.03123%

-,03802

-.06419

-.06871

03445

-.0%827

~,08102

-. 08234

18.97%

Y
-.002%2
-.06079
-.0562%
-,06922
-, 04076
-.03179
-.02303
-.01301
-.00917
-.00290
. 00093
.00203
«00364
00304
00177
00093
-.30000

ALPHAQ = &,9C DEGREES

$B0VE ANGLES OF ATTACK RELATIVE TJ THE ZERC-LIFT LINE

VELOCITY DISTRIBUTIONS FOR TWME ABOVE ANGLES CF ATTACK RELATIVE TQ THE IERC-LIFT LINE

2.00 8.00 10.00 12.00 13.00 14,00
VELOCITY DISTRIBUTIONS FOR THE
788 .780 « 776 +I171 768 768
.8C9 <808 «201 799 o197 « 199
.870 871 <070 867 865 <863
938 « 945 943 LTY «943 942
.978 . 990 «992 » 992 «992 992
«991 1.009 1.013 1.013 1.016 1.017
1.008 1.033 1.039 1.043 1.063 1.048
1.030 1.0e2 1.069 1.078 1.079 1.081
1.057 1.C9¢ 1.106 1.11% 1.119 1.122
1.088 1.13¢6 1.149 1.161 lelbb 1.171
1.127 1.183 1.199 1,213 1.220 1.228
1.170 1.237 1.2%7 1.276 1.2023 1.291
1.220 1.300 1.323 1,345 1.39% 1.368
1,278 1.371 1.399 1.428 1.638 1.65%0
14343 1.453 1.487 1.518 1.533 1.568
1.372 1.4689 1.537 1.574 1.591 1.408
1.3%9 1,499 1.5¢1 1.5083 1.602 l.0622
1,344 1.499 1.548 1.592 1.615 1.636
1.32¢ 1.499 1.952 1,602 1.628 1.6%2
1.310 1. 496 1.958 1.613 l.8643 1.670
1.290 1.499 1.%569 1.629 1.660 1.291
1.267 1.499 1.572 1.644 1.679 1.714
1.240 1.499 1.581 1.062 1.702 1.741
1.208 1,499 1.592 1.683 1.729 1.773
l.184% 1.492 1.598 1.702 1.7%3 1.906
l.1086 1. 477 1.598 1.717 1.773% 1.012
1.032 l1.49%9 1.%98 1.73% 1.803 1.870
«937 1,433 1.598 1.799 1.839 1.318
799 1.289 1.582 1.774 1.869 1.963
297 1.308 1,542 1.77% 1.889 2.004
«298 1.187 1,482 1.774 1.919 2.C846
-198 .9088 1.382 1.774 1.98¢ 2.164
1.18¢ 392 1.184 1.776 2,068 2.302
1.201 «172 172 518 <687 859
1.201 482 w261 «000 121 261
1,201 <450 chb3 279 188 093
1.201 758 «808 653 «380 «306
1.201 230 706 .377 .513 b9
1.201 .8081 <773 <008 812 397
1.201 «929% 831 733 687 «639
1.2C1 +958 .875 « 7190 o768 + 709
1.201 985 911 2835 <797 799
1.201 1.008 .86 873 «839 804
1.201 1.028 <907 906 872 LX)
2.00 8.00 10.00 12.00 13.00 14.00
1.201 1.0%9% +990 «936 908 <877
1.201 1,060 1.010 «999 «$33 «807
le.164 1.061 «997 <992 +929 +«903
1.099 «993 <958 916 808 876
1.Cel «951 918 <804 867 <850
«991 913 083 1 <841 825
<G08 881 .85 .831 .217 <204
510 .033 »231 809 797 7893
.878 .828 .810 <7190 <780 «770
<851 . 808 o792 775 708 757
.228 + 192 778 763 735 767
+8C9 <778 T80 «733 o767 « 740
AL 768 . 798 . 747 761 «739
789 « 765 «7%6 767 . 762 <736
« 784 788 2781 793 « 749 AL
788 « 779 " o769 o762 «759 755
708 « 780 176 «771 <768 J76%
cMO = -,1237 ETA o 1,137
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FLZW Card

This card initiates aircraft-oriented boundary-layer computations, where
the Reynolds number R varies with the aircraft 1lift coefficient Cp, and the
local chord c¢. A local twist angle 6, which must be specified relative to
the zero-lift line of the entire wing, can also be included. The values of «
specified on the preceding ALFA card are considered as the local angles of
attack relative to the zero-lift line. If the values of o on the ALFA card
were specified relative to the chord line, they are converted to a relative
to the zero-lift line by adding the zero-lift angle before they are used in
these computations. Thus, the aircraft lift coefficient is

Cr = 0.11(a + 8)

and the aircraft speed is

v
v L
=3
where
- 2gW
Vl oS

is the aircraft's speed at Cp =1 and g is the acceleration due to gravity.
To prevent V from attaining infinite values as Cp - 0, a maximum aircraft
speed V.., is specified such that

Vi
minimum { ————————, Viax
{Vo.u(a + 0) }

This speed V is used to calculate the Reynolds number

<
[}

Ve
R = o

which, therefore, depends not only on the local angle of attack and aircraZf:
weight, but also on the local twist angle and local chord. Everything else is
processed exactly as it is for an RE card, including the print and plot modes
and storage of the summary of the results.

If NUPA # O, mpr = NUPE (Il) and mpl = NUPI (Il).

If NUPA = 0, mpr and mpl remain as previously set. The preset values
are mpr =1 and mpl = 0.

6l



MU = NUPU (I3):
MU is the transition mode as defined in "RE Card." Fixed transition

(MU = 1 or 2) is allowed if the transition points are specified on a
preceding RE card.

F, = W/S = wing loading (aircraft mass/wing area) in kg/m2 (F5.2)
Fo =V = maximum aircraft speed in m/s (F5.2)

= air density in kg/m3 [F5.3]

(&)
[
|
w
1
T
|

If F;3 =0, P remains as previously set. The preset value is
o = 1.229 kg/m3.

Fq = 108V = kinematic viscosity in m2/s (F5.2)

If F4 =0, Vv remains as previously set. The preset value is
='13.6 x 1078 m?/s.

v

Fc = ¢ = chord length in m (F5.2)

Fg = 8 = local twist angle in degrees ({F5.2)

(F7,F8) = (c2,62) and so on up to (Fl3,Fl4) = (c5,65)

If Fg = 0, the FLZW card does not initiate a boundary-layer computation.
Instead, the values of Vmax: P and VvV are stored for a succeeding
PLW card.

A sample FLZW card will be given after the description of the PLWA card.

PLW Card

This card initiates an aircraft-oriented boundary-layer computation which
uses the given aircraft data and results in a polar for the given aircraft. The
wing planform is specified and, therefore, the aspect ratio AR can be computed
and the influence of the local chord lengths on the Reynolds number can be con-
sidered. Kunowing AR allows the induced-drag coefficient CD,i to be com-
puted from

2
. 1.O3CL
1 TAR

where the constant 1.03 assumes a good planform. The effect of wing twist is
not considered. The parasite-drag area A (= parasite drag/dynamic pressure)
is assumed to be a constant which means the aircraft parasite-drag coefficient
is
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A
o, = 3

where S 1is the wing area.

If only the influence of various airfoil sections is to be evaluated for a
given aircraft configuration, the relative thicknesses of the airfoils must be
considered. For this purpose, the PLW card contains a special option which
allows the wing planform to be altered such that the absolute thickness of the
different wings is a constant. To achieve this, a reference thickness t*/c
must be specified and, if an airfoil having a thickness t/c is to be evalu-
ated, its chord lengths are multiplied by t*/t before any evaluations are
performed. A weight penalty due to the increased wing area which arises from
the greater chord lengths is also computed. This procedure allows the influ-
ence of the airfoil on the overall aircraft performance to be evaluated in a
somewhat more realistic manner than if the same planform were used for airfoils
having different thickness ratios.

Everything else is processed as it is for an FLZW card. The values of a
from the preceding ALFA card are used. Because the aircraft speed increases
rapidly as the lift coefficient is decreased, more values of o should be
specified in the lower lift-coefficient range. The print and plot modes cannot
be changed by the PLW card. The values of Vgayer Py and v from the pre-
ceding FLZW card are used.

NUPA, NUPE, and NUPI are neglected.
MU = NUPU (I3):

MU is the transition mode as defined in "RE Cafd." Fixed transi-
tion (MU = 1 or 2) is allowed if the transition points are speci-
fied on a preceding RE card.

0.01F; = t*/c = reference airfoil thickness {F5.4]
If F; <0, t*/c = t/c = the thickness of the airfoil being evaluated.

If F; =0, MU, t*/c, W*, DWS, Ay, and the reference planform remain
as previously specified.

Fo = W*r = the aircraft mass in kg (F5.2)
Fy = DWS = the mass penalty factor in kg/m2 (F5.2)

10'3‘34 = A, = the parasite-drag area in m? {F5.5]

Fg = c* = the chord length in m (F5.2)

Fg = db = the length in m of the spanwise section having chorzd
length c* (F5.2)

(F7,F8) = (c;.dbz) and so on up to (F13'Fl4) = (c;,dbs)
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The wing planform is specified in words Fg - F14 by spanwise sections of
constant chord length. A linearly tapered wing of 15-m span having a root
chord of 1.2 m and a tip chord of 0.6 m could, therefore, be described by three
S5-meter sections (db = 5) having average chord lengths c* of 1.1 m, 0.9 m,
and 0.7 m. The same planform could be described by five 3-meter sections

(db = 3) having average chord lengths c¢* of 1:14m, 1.02 m, 0.90 m, 0.78 m,
and 0.66 m. Note that the sum of all of the db values must equal the span of
the aircraft, not the half span.

The chord length which is finally evaluated is

ti
c = c* —
t
The wing arez is
t*
S = 5* —
t

where the reference wing area is
S* = 2: c* b

The aircraft mass is
W = W* + (S - S*) DWS

Thus, if no alteration of the planform is desired, Fy must be negative, which
sets t*/c = t/c. A sample PLW card will be given after the description of
the FLWA card.

PLWA Card

This card initiates some simple modifications to the polar generated by the
preceding PLW card. Thus a PLW card must precede a PLWA card, but any number
of PLWA cards can succeed one PLW card.

The PLWA card allows the wing area S, aircraft mass W, and parasite-drag
area Ap to be modified. Only the effect of these modifications on the lift
and parasite-drag coefficients is considered. Because the lift coefficients
are affected, so too are the aircraft speeds and the induced-drag coefficients.
No influence on the Reynolds number from the altered chord lengths and speeds
is considered. The profile-drag coefficients from the computations initiated by
the preceding PLW card are used.

NUPA, NUPE, and NUPI are neglected.

NMOD = NUPU = the number of modifications (I3)
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F, = A4s the change in wing area in m? (F5.2)

Fy = AW the change in aircraft mass in kg (F5.2)

10"3F, = AA_ = the change in parasite-drag area in m? [F5.5]
3 P

The program adds nAS to S, nAW to W, and ndAp, to Ay and prints

the resulting polars, where n varies from 1 to NMOD. Thus, if NMOD = 3,
three new polars would be generated if only one parameter is to be changed;

the other changes must be zero.

The following card sequence illustrates the use of FLZW, PLW , and PLWA
cards. Obviously, the two sets of cards must be preceded by the TRAl and TRAZ2
cards or FXPR card plus airfoil coordinates of the first and second airfoils.

TRA1 and TRA2 cards or FXPR card plus airfoil coordinates (first airfoil),

alFazon 14 000 100 200 300 400 TO0 E00 T00 Z00 0 200 1e00 11ad 1200 1z00
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TRAL and TRA2 cards or FXPR card plus airfoil coordinates (second airfoil)
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After the design or analysis of the first airfoil, the above card seguence
initiates the following computations:

(1) An aircraft-oriented boundary-layer computation for a wing loading of
60 kg/mz; a maximum speed of 100 m/s (= 360 km/h); chord lengths of
1.2 m, 1.0 m, and 0.8 m; twist angles of 1°, 0°, and -1°; and angles
of attack from 0° to 13°
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{2) A pclar computation including the corresponding aircraft-oriented
boundary-layer computation, for a reference airfoil thickness
ecual to the thickness of the given airfoil, an aircraft mass o
400 kg, a mass penalty factor of 5 kg/mz, and a parasite-drag a
cf 0.04 m2 (The wing planform is defined by a 5-m spanwise sec
having a chord of 1.0 m, a 5-m section having a chord of 0.8 m,
a 5-m section having a chord of 0.6 m. Thus, the span of the a
craft is 15 m, the wing area 12 m?, and the aspect ratio 18.75.
planform is independent of the thickness of the airfoil being e
ated because t*/c = t/c. The maximum speed is obtained from t
preceding FLZW card and is, therefore, 360 km/h. The angles of
attack contained on the second ALFA card are specified such tha

f

rea

tion
and

ir-

The
valu-
he

t the

high-speed end of the polar is analyzed as thoroughly as the low-

speed end.)

The x-y-v listings are suppressed by the first ALFA card. The boun

dary-

layer development listing and the corresponding plot are suppressed by the FLZW
card which specifies that only the boundary-layer summary be printed. If
computation initiated by the FLZW card is not desired, this card still cannot
be eliminated but, instead, must be included with Fg = 0.

initizte the following computations:

(1) The same aircraft-oriented boundary-layer and polar computations

performed for the first airfoil, except that the chord lengths
*

now cj = cz %? where t* is equal to the thickness of the fi

airfoil (Thus, the wing area is altered and a weight penalty i
assessed. If these alterations are to be suppressed, the PLW
must contain Fj < 0 although this cannot be specified without
repeating the other F-words as contained on the preceding PLW
2

(2) Threz additional polar computations, each based upon a 0.5-m“ inc

the

After the design or analysis of the second airfoil, the final three cards

as
are

rst

s
card

card.)

rease

in wing area and a 3-kg increase in mass starting from the values

contained on the preceding PLW card

2

(3} Two more polar computations, each based upon a 0.002-m“ increase

in

parasite-drag area starting from the values contained on the pre-
ceding PLW card, not the values generated by the preceding PLWA

card

CDCL Card

This card initiates the plotting of the boundary-layer summary which con-

tains the 1lift, drag, and pitching-moment coefficients including the viscous

corrections.
ure 1l6.

for the transition and separation curves is not x/c but, instead, 1 - s
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The boundary-layer summary listed on page 60 is plotted in fig-
The labeling of the various curves was not generated by the program

but was instead added to the diagram for clarification. Note that the abscissa
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where s is the arc length of turbulent or separated flow. The curves for the
first MU-R pair are solid followed by up to four different types of broken lines
each of which corresponds to a different MU-R pair. It is possible to change
the types of broken lines which are drawn.

A CDCL card can also follow an FLZW or PLW card. It should be remembered,
however, that for these cards the Reynolds number varies with 1lift coefficient.
The curves which are plotted correspond to the various chord lengths and, from
the FLZW card, to the twist angles as well.

As previously described for the DIAG and STRK cards, it is possible to plot
the results from several computations in one diagram. The range of 1lift coeffi-
cients which can normally be plotted is from -0.4 to 2.4. If the lift coeffi-
cients to be plotted by the first CDCL card extend outside this range, the
cj)-axis is automatically extended to encompass their values. This is not true
for the 1lift coefficients to be plotted in the same diagram by succeeding CDCL
cards. Accordingly, the upper and lower limits of the 1lift coefficients to be
plotted can be specified on the CDCL card. It should be noted that the lift-
coefficient range can only be extended and, therefore, the specification of an
upper limit of, say, 2.0 would have no effect. The upper limit only of the drag
coefficients to be plotted can also be specified on the CDCL card. This limit
can have any value greater than zero. The origin of the cg-axis is not nec-
essarily zero, however. If the minimum drag coefficient to be plotted is
greater than 0.0l, which fregquently occurs at low Reynolds numbers, the origin
of the Cg-axis is automatically shifted in steps of 0.005. Thus, the boundary-
layer summarv listing should be checked before labeling the cg-axis.

NUPA = 0 - The diagram containing the boundary-layer summary is plotted.

NUPA 1l - The types of broken lines to be drawn are specified by the
F-words. The description of this option follows the details

of the diagram.
NUPE and NUPI are neglected. —

mbt = NUPU (I3) - This option allows several different sets of data to be
plotted in one diagram.

mbt = 0 - Axes are drawn, one set of data is plotted, and the diagram
is closed tc further plotting.

mbt = 1 - Axes are drawn, one set of data is plotted, and the diagram
is open to further plotting.

mbt = 2 - No axes are drawn, and one set of data is plotted into the
existing diagram which is then closed to further plotting.

mbt = 3 - No axes are drawn, and one set of data is plotted into the

existing diagram which then remains open to further
plotting.
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b

31
Fy
Fa

If

Obviously, mbt is valid only for the one CDCL card in which it is

contained.
= Cy,min = the lower limit of the lift coefficients to be plotted (F5.2);
thus, if the lift coefficient to be plotted is
€7 < €1 min < -0.4, it will not be plotted
’
Fl = 0, Cl,min = =0.4.
= C; nmax = the upper limit of the lift coefficients to be plotted (F5.2);
o thus, if the 1lift coefficient to be plctted is
c, > 1, max > 2.4, it will not be plotted
F2 = 0, Cl’ma_x = 2.4.
is neglected.
OlF4 =S4 1im = the upper limit of the drag coefficients to be plotted
o [F5.4]: thus, if the drag coefficient to be plotted
is cg > €4q,1im’ it will not be plotted
Fg =0, €3,1im is essentially infinity.
NUPA = 1, the types of broken lines to be drawn are specified by the

F-words as follows:
- The five digits of F; are denoted ny; to ng.
- The five digits of F, are denoted m; to mg.

- Fy, = 1; = the length of the line or the space in mm (F5.2)

1

3 1is the number of the MU-R pair (or chord length-twist angle pair),
the line type is specified by my numbers from the array 1;, beginning
with i = ny. The first length 1; (i = nj) is drawn with the pen down
(i.e., a line), the next length li+1' with the pen up (i.e., a space),
and so on. After the last length 1l; (i = ny + my - 1) 4is drawn (pen

up), the cycle is repeated starting with the first length 1; pen down.
If mj = 0, a solid line is drawn. The variable my must be divisible

by 2 and Sg8. The preset values are
ms =0, 2, 4, 6, 8

n; =1, 1, 3, 3, 3

[
n

5, 1.5, 10, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5, 1.5



!

LRAC SV o

These specify the following line types:

i=1
j =2 Pen down, 5 mm; pen up, 1.5 mm . . .
j=3 - - Pen down, 10 mm; pen up, 1.5 mm; pen
down, 1.5 mm; pen up, 1.5 mm . . .
j =4 -_——_— - Long lines = pen down, 10 mm
j =5 — = ——— — —— {Short lines and spaces = 1.5 mm
[} 111550f443 Sor 200 100 200 to00 200 200 200
111 I:!'l"ll!‘l.1UISIIH=lx|!‘l?'I?HNUIIHIII!.’l)l:Iﬂ'.lnnll}ll’uulllluudlldlllslXIUM”HHMHUIIE,’I}NGXI‘iivll!'lf‘"",'llkfl"m}
The CDCL card above specifies the following line types:
j=1
j =2 Pen down, 5 mm; pen up, 2 mm . . .
j=3 - - - — Pen down, 5 mm; pen up, 2 mm; pen down,
: lmm; pen up, 2 mm . . .
j =4 - - Pen down, 10 mm; pen up, 2 mm; pen down,
2mm; pen up, 2 mm . . .
j =5 Pen down, 10 mm; pen up, 2 mm . . .

FLOW CHART AND INPUT-CARD SUMMARY

This section presents a flow chart of the main routine of the program and
an input-card summary followed by some rules concerning the sequence of the

input cards.
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INPUT-CARD

Columas i-4] 5 l 3 7 B-1¢ 11-15 16-20 21-25 26-30 31-3%
Page .
Card name |NJPA'  NUPE NUPI NUPU Fy Fy F3 Fe Fe
3 i i i - .
a TRAL | ‘Airfoil ;m::hcnuon vy (F5.2) | @] (F5.2) vy a3 ete.
a2 | TRA2 Airfoil identification | je(ps.z) |X (F5.2) | 00000 | K [P5.3] |u [F5.3]
00100 w'[r5.3) {w [Fr5.3)
00200 u [p5.3) jw [P5.3]
44 ARSZ 0 ABFA
(F5.2)
1 {Print mode
mtr
-
45 FXPR [} aabdd aabdd etc.
1 !Print mode
noa
47 FAN o] aabdd aabdd etc.
1 |[Print mode
mpa
48 FLAP cg/c yn/c Sp/2¢ 8¢, deg
[FS.4) [FS.4) (r5.4) (P5.2)
4B ALFA ] () ny i aj. deg ay etc.
(F5.2)
1l |Print mode
mxy
Praint mode
‘ npa
i 2 |Print mode
| i mxy
fey sy ;
i 52 DI1AG 0 - Velocaty Plot mode +)
cistribution mbt .
1 ~ Pressure
envelope
| s¢ | sTRO ! Plot mode |*|YBL|, mm| RUA, mm
| : | mxz [F5.0) [r5.0}
54 i STRK ! Print and plot NC €. m c2 etc.
i ! modes [F5.4]
56 RE [ My 1073Ry MU Ry etc.
[r5.3) Irs.o0)
1l |Prant mode Plot mode
mpr mpl
61 FLZ# o MU WS, kg/m2 Vo, m/s| £, kg/m3 |106v, m2/s| ¢y, m
(F5.2) (FS.2) [Fs.3] (F5.2) (F5.2)
1 |Print mode Plot mode
mpr mpl
62 PLW M t*/c W*, xg |DWS, kg/m2 . m2 e}, =
[F5.4) (FS.2) (F5.2) [Fs5.5) (FS$.2)
64 PLWA NMOD As, m2 | aw, kg AAE m2
(F5.2) (FS5.2) [r5.5)
66 cocL Plot mode l.min €1, max €a,lim
mbt (F5.2) (F5.2) [Fs.4)
40 ENDE
.
ALFA card: tDIAG card:
S Telative o NUPI = 0, F) = length of x-axis, mm (FS.0] ¥ 0
Listing Zero-lift line lChord line NUPI = 1, F) = Gpin: deg (F3.2) ¢ O
contains NUPI = 1, Fo » deg (F5.2) # 0
where NUPI » i + F2 ® Omaye .
v/Uq 0 1
S 2 3

Z1

e Al .

- s 4 e -
N
1}

REAEEN
Lo
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SUMMARY

36-40 41-45 | 46-50| 51-55 56~60 61-65 66-170 71-75 76-80
Fg Fy Fg Fg Fio F11 F12 F13 F14
X* (F5.2) |X (F5.2)| 00000{R [F5.3}[u {F5.3]{ rTMOD (F5.2) F5.3 (=0) [FS.3]] Integration
- [ ) - ¢ ] Kr ( ! Keol ( scheme (F5.2)
00100{w' [F5.3]|w [FS.3]
co200{u [Fs.3)]a [FS.3]
MU = ) MU = 1 MU = 2 MU = 2
(xp/C)yg [FS.4][(xq/e) 1, [F5.4] [{xp/C) g [FS.4] [xp/c) g [F5.4]
01, deg (F5.2) cy 62 etc.
.
dby, m (FS5.2) <2 ab, etc.
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Rules for input-card sequence:

Card name Must be preceded by
TRAL -
TRAZ2 TRA1l card
ABSZ —-——
FXPR ——
PAN TRA2 card
FLAP FXPR or PAN card
RLFA TRA2 or FXPR card
PUXY TRAZ or FXPR card
DIAG ALFA card
STRD -
STRK TRA2 and STRD or FXPR and STRD cards ;
RE ALFA card
FLZW ALFA card
PLW FLZW card
PLWA PLW card
CDCL RE or FLZW or PLW card

DIAG and CDCL cards con*aining mbt = 1 or 3 initiate plotting into a diagram
which remains open to further plotting. These diagrams must be closed by a
card cf the same type containing mbt = 2 before a plot to be generated by
another card type can be initiated.

DIAG, PUXY, and STRK cards are not permitted between RE , FLZW, PLW ,
and CDCL cards.

SYSTEM-DEPENDENT FEATURES OF THE PROGRAM

LANGUAGE

The entire program is written in the FORTRAN IV language. No special
options from any given computer system are used other than plotting routines.
Therefore, it should be possible to adapt the program to any computer having a
FORTRAN IV compiler. The only difficulty which has surfaced so far concerned !
the DATA statements which initialized variables contained in labeled COMMON
blocks. These few DATA statements can be replaced by arithmetic expressions if
problems arise.

CORE-STORAGE REQUIREMENTS

The core-storage capability required to run the program depends on the com-
puter and the compiler to be used. On a Control Data 6600 computer system, the
program requires approximately 110 000 octal or 37 000 decimal words of core
memory when the FTN compiler with OPT = 2 is used. However, if the usual num-
ber of points, 61, is used to define the airfoil, the matrix A(120,120), which
is the last array in blank COMMON, can be reduced to A(60,60) or A(70,70) if ]
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flap deflections are to be analyzed. This saves 10 800 or 9500 decimal words,
respectively. In some computer systems, it is possible to truncate the blank
COMMON block by simply specifying less memory in the job cards. The array A
must contain at least 363 words, even if the analysis mode is not used, where A
is the array for the coefficient matrix of the equation system. The array A

is used in several subroutines for temporary storage purposes.

No overlaying or segmentation is done in the program. If this is desired,
it must be done by the user but it will not be easily accomplished.
INPUT AND OUTPUT

The input and output tape numbers are variables as follows:

ILES = input tape number (card reader)
IDRU = output tape number (line printer)
ISTA = output tape number (card punch)

These numbers are transferred through COMMON/EA/ to all subroutines containing
READ or WRITE statements. A DATA statement sets ILES = 5, IDRU = 6, and
ISTA = 4.

Carriage control of the printer is performed by function NZPZ(I,K). This
function internally counts the lines printed on a page and provides the first
character of each line in format Al. Function NZPZ works as follows:

I = 0 - No advance before printing

I = 1 - Space vertically one line, then print

I = 2 - Space vertically two lines, then print

I =3 - Eject to the first line of the next page, then print
For T =0, 1, or 2, K more lines on the page of concern must be available
after the line to be printed. If not, a new page will be started by setting
NZPZ = NNESE. The number of lines per page is specified in line 8 of
function N2P2Z

IF (M+NZEIZA.GT.46) GO TO 1

where 46 is the number of lines per page.

PLOTTING SOFTWARE

The program contains a number of useful plotting options. All the diagrams
are plotted by only a few subroutines. Subroutine POLZUG plots a polygonal
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solid line. A logical external function is included which allows the exclusion
of some areas of the plot. If nothing is to be excluded, function TRUE is
called. Suproutine SMOOTH plots a spline curve, calling subroutine POLZUG.
Subroutine ACHS plots x- and y-axes with linear or logarithmic scales, again
calling subroutine POLZUG. Subroutine BPLOT produces broken lines and is only
called from subroutine POLZUG.

All of the plotting in the program is based upon four very fundamental sub-
routines: DEFINE, TPLOT, GCLOSE, and FINISH. In their present forms, these
subrcutines are adapted to plotting software used at NASA Langley Research
Center. Teo maintain the adaptability of the program to other software systems,
no labels are written on any of the diagrams plotted by the program.

Subroutine LCEFINE(PL,Q,H,XU,X0,YU,Y0) prepares for plotting variables x
and y in a frame Q mm long in the x-direction and H mm long in the y-direction.
The rarameters in this subroutine are

XU the x-value at the left end of the frame,

X0 = the »-value at the right end of the frame,
YJ = the y-value at the bottom of the £frame, and
Y0 = the y-value at the top of the frame.

Scaling must be performed such that the variables x and vy appearing in sub-
routine TPLOT are plotted correctly within the defined frame. In the present
version of the program, this is accomplished by COMMON/GRMIN/ (which is unique
to NASA Langley Research Center) as well as the four statements which set the
values of the variables contained in COMMON/GRMIN/. ’

If the software system to be used requires an initialization prior to the
firs+t plot, this must be done between the statements "IF (MPL.EQ.1) GO TO 1"
and "MPL = 1" in subroutine DEFINE. The statements "CALL PSEUDO" and "CALL
LTZROY" initialize the plotting system used at NASA Langley Research Center.
Thus, the statements which must be adapted to the software system to be used
are "CALL PSEUDO" and "CALL LERCY," "CALL CALPLT(...)," COMMON/GRMIN/, and the
four statements which set XMIN, YMIN, XSCALE, and YSCALE.

The logical variable PL can be used for switching from one plctting unit to
another. This is accomplished in subroutines GRP, DIAGR, and CDCL by using the
pen number ISTIFT, which is normally 1 although it can be set in the main rou-
tine. The variable ISTIFT also permits the use of different pens on a given
clotter. In the present version of the program, neither the switching of pens
nor the switching of plotters is performed.

Subroutine TPLOT(X,Y,NPEN,NORIG) moves the pen from its present position
to the point (X,Y) in the coordinate system specified by subroutine DEFINE.
During the movement of the pen, the pen is up if NPEN = 0 and the pen is down
if NPEN # 0. NORIG is the variable by which the origin of the coordinate
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system can be shifted. This variable is not used in the present version of the
program. All the statements in subroutine TPLOT except the first one and the
last two are unique to NASA Langley Research Center.

Subroutine GCLOSE terminates a given plot. In some software systems, it is
possible to accomplish this by shifting the origin Q mm + some space to the
right. 1In this situation, it is necessary to transfer Q via labeled COMMON
from subroutine DEFINE to subroutine GCLOSE. The statement "CALL NFRAME" does
this automatically but is unique to NASA Langley Research Center.

Subroutine FINISH terminates all plotting and can be used if the plotting

software requires additional processing after completion of the final plot. The
statement "CALL CALPLT(0.,0.,999)" is unique to NASA Langley Research Center.

CONCLUDING REMARKS

A method for the design of airfoils with prescribed velocity-distribution
characteristics, a method for the analysis of the potential flow about given
airfoils, and a method for the analysis of boundary layers have been combined.
With this combined method, airfoils with prescribed boundary-layer character-
istics can be designed and airfoils with prescribed shapes can be analyzed.

The design method is based on conformal mapping. The potential-flow analysis
method employs panels with distributed surface singularities. The geometry of
the panels is determined by a spline fit of the airfoil coordinates, with the
end points of the panels being the input airfoil coordinates themselves. The
singularities used are vorticities distributed parabolically along each panel.
The boundary-layer method is an integral method which can be applied at Reynolds
numbers from 2 X 104 to 1 x 108. A FORTRAN IV computer program for the numeri-
cal evaluation of these methods is available through COSMIC. The program and
its input options are described in detail.

This program, then, represents a mathematical model of the two-dimensional
viscous flow around airfoils ~ a computer wind tunnel. The cost of a computer
analysis of an airfoil is significantly less than the cost of the corresponding
wind-tunnel test. Thus, wind tunnels should be employed increasingly to per-
form investigations concerning fundamental phenomena. The results from such
investigations could then be incorporated into the computer wind tunnel and,
thereby, allow airfoils to be theoretically developed for specific applications
with a high degree of confidence.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

March 14, 1980
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APPENDIX

PROGRAM LISTING

PROGRAM PROFILE (INPUT»>OUTPUT» TAPE4,» TAPES, TAPES)

DIMENSION XF(12X)sYF(121),BETAF(12])

DIMENSION AM{7573sAVIT)

DIMENSION V(16)s MARKEN(20)»ALCA{14)»CAE(2)

DIMENSION RE(5)oMA(S)sHMU(S),T(42)

DIMEMSION TM(5)sALS(5)sRER(5),)MUR(S)

DIMENSION TST(S)yBANT(S)pCH(5;29IQ)DSU(S)ZDIQ)051(5)2914)

COHMMON Pl(lZl)pP(lZl)pXP(IZI)pYP(121);PUFF(IQ)ylGAH(lh)pX(lZl):
lY(IZI)pCS(122)pVF(lZl)o‘RG(lZl)pAN&(23))ALFA(ZQ),IZZ;KFU)NQ.NUPRO:
ZJABpJSTpCH;ETA:ABFA’PI;BDGEN:DARG:PURES(IB’pFUU(6007)pRS(6Ol

COMMON XTF;SHA;XFL(IO);GAHHA(IZI:Z)’AHAT(IZOanO)

COMMON JGRIK/CDKsAA{T)I»BB(T)

CUHHONIPRALIDLY:DLTU’ALNtALV(14)9NAL’ITP»NAHP(IZ):CHL(IQ))CRL(1#)
1 rCPV(Z)pALTX(4;2)’DARF)ITIT1’ITIT2

CUHHDNIPLTHIHPL)HGC)XZEHDYZEHDHSPEI‘”

COMMON/ZEA/ZILES, IDRU, ISTAs NNESE

COMMON/TRIT/DLVs SUMP s XTRIL&)»NUSND

COMMON ILININGIGRDKL(12))NLINE(5’DNPAR(5)DJ

EQUIVALENCE(XF(I)pFUH(I'I))’(YF(I)’FUH(3:3)))(BETAF(I))FUH(’:’)l

EQUIVALEMCE 1CW(1s1s1)5PL01))5(SA(Ls1s1),P(20))s
1 (SUL1,1,1),XP{39))

DATA ILES>IDRU,ISTA,NNESE/Ss»bs4s1H1/

DATA HARKEMIQHTRAl:‘HTRAZ:#HALFA;ﬂHAGAH'ﬁHABSZpﬂHSTRK’QHENDEn
14HDIAGs 4HRE »4HSTRD» 4HFLIW, @HPLWA, GHPLY s &HTRF »&4HAPPR,4HCDCL,
24HPAN »&HFXPRy&GHFLAP, HPUXY/

DATA CPV/OHVELOCITY s OHPRESSURE #»ALTX/4&H ZER»4HD=LI»4HFT L,
*4HINE »4H CHO»4HRD L,&HINE ,4&H foXBLT/1H /

DATA MGCs>ISTIFT,MXZsCDK/0»15=1s.01/

DATA ZAEHsDICHTE/13.6E-65.12533/

MPL=0

PI = 3.,141%92654

BOGEN s 0.0174532925199

ABFA = 1,0

AGAM(2)=1,

AGAM({3)=],

AGAM(6)e],

AGANM(8)=C,

AGANM(10)el,

9 MTRsO
11 READ(ILES,2)MARKE, NUPA,NUPEsNUPI, NUPU, PUFF
2 FORMAT(A4»311513,14F5.2)

DO 12 1s1,20

IF (MARKE.EQ.MARXEN(]I)) GO TO 13
12 CONTINUE

14 WRITE(IDRU,3) MARKE
3 FORMAT (11H INCORRECT »A4s5H CARD)
60 T0 11
TRALITRAZALFAAGAMABSZSTRKENDEDIAGRE STROFLZWPLWAPLW TRF APPRCDCL
PAN FXPRFLAPPUXY
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APPENDIX

13 GO TD(15%,225,333,145,142,905150,104,30,112,30,71,60,5,14,14,160,
*170,180,190,106),1
TRA1 CARD
15 NUPRO=NUPU+1000¢NUPI
IF{MTR.EQ.0)JST=sQ
I1=0
18 [=]+1
ANRI=RUND(PUFF(I)*ABFA,1000,)
IF(ANRI.NE.O.)}GO TO 20
IF{JST.NE.O)GO TO 21
JSTesMTR+1
20 MTReMTR+1
ANT(MTR)=sANRI
I=1+l
ALFA(MTR)=sPUFF(I)
IF(I.NE.14)G0 TO 18
21 JABaMTR
6070 11
TRA2 CARD
22 D0 23 I=1,13
23 PURES(I)=RUND(PUFF(I1)»1000.)
MSPLI=O
ITP=0
IZZsINT(PUFF{14))
CALL TRAPRD
XDas=s0,
YDA=20,
DEFLG=0,
GO TD 9
RE CARD
25 IF(PUFF(2).EQ.0.) GO TO 28
00 27 Je1,9%
RERX=s PUFF(2%))
IF(RERX.EQ.0,)G60 TD 26
RE(J)=1.E5*%RERX
IPU = INT(PUFF(2%J)-1))
MA(J) = IPU/100
KU(J) = TPU/JLIO - 10%KA(J)
27 JR s )
26 D0 29 J=l,4
29 XTRI(J)=PUFF(J+101%,01
28 CALL GRP(NAL,RE»MUsJR,ISTIFT)
MSPLI=O
JP=2JR
6070 11
FLIW CARD
30 IF(NUPA.EQ.O0) GO TO 31
AGAM(6)=FLOAT(NUPE)
AGAM(B8)sFLOAT(NUPI)
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31 IF{l.EQ.9) GO TO 2%
IF(PUFF({2).,EQ.0s) GD TO 36
GDF = PUFF(1)
VHMAX = PUFF(2)
IF{PUFF(3)NE.O.) DICHTE = ,1%PUFF(3)/9,806
IF(PUFF(4) NEsOs )ZAEH = PUFF(4)®*],E~¢
IF(PUFF(5),EQ.0.) GO TO 50
D = 0.
DD 3¢ J = 1,5
JZ = 2%) + 3
IF(PUFF(J2),EQ.0.) GO TO 36
TRIG)IsPUFFL{J1)
ALS(JYSPUFF(JZ+1)
MUR(J) = NUPU
34 JT =
35 IITaNZPZ(2,6%NAL+2)
JPaJT
WRITE(IDRU,ITIIZTsNANP, (ALTX(J5ITIT2)5d21s4)
37 FORMAT (Al1,36HAIRCRAFT=ORIENTED SUMMARY AIRFOIL »12A1,3X»
#31HANGLE OF ATTACK RELATIVE TO THE,4A&)
IVMAXeINT{VMAX®3 .6)+1
IZT=NZPZ2(2,0)
WRITECIDRU,38)IZTy6DFs IVMAXsDICHTE,ZAEH
38 FORMAT (Als6H W/S ®,F6.25BH KG/SQoMs3Xs THV MAX e514,35H KM/Hs 3X,
FSHRHO s,F5,3513H KG*S E2/M E&,3Xy4HNU o, F10,8,7H SQ.M/S)
IZT=NZP2(2,0)
WRITE(IDRU;40)IZTo(KBLT»TH(J)»ALS(J)pJdolsdT)
40 FORMAT (Al,5Xr,5(A1,4X53HC 3pF5,2)8H THETA ©0,F5.2))
41 V1 = SQRT(2.¢GDF/DICHTE)
DO 48 IslsNAL
I¥S = =1
DO 46 J & 1,47
IFLALVII)I=-ALS(J) )42, 44,42
42 VALF = V]1/SQRT{,11%ABS(ALV(I)=ALS(J)))
IF(VALF = VHAX)&46) 6544
44 VALF = VMAX
46 RER(J) = VALF*TM(J)/ZAENR
48 CALL GRP(IVS,RER,MUR,JTHISTIFT)
MSPLI=O
49 IF(D)T72,50,72
50 60 10 11
PLW CARD
60 IF{PUFF(1))62,68,562
62 DST = PUFF(1l)e,01
GST = PUFF(2)
DGF = PUFF(3)
CWSF = PUFF(4)%,001
DO 66 J = 1,5
JZ = 2%])+3

-
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IF(PUFF(JZ))64,68564
64 TST(J) = PUFFLJZ)
BANT(J) » PUFF(JZ+1)
MUR(J) = NUPU
66 JT o J
68 BF = Q.
FST = 0.
NF = 0
CALL OIA(X»YsNQ,D)
IF(0ST4LT.0.) DST o D
D0 70 4 = 1,J7
TM(J) = TST(J)*0ST/D
ALS(J) o O,
BF = BF + BANT(J)
70 FST = FST + BANT(J)*TST(J)
FF = FST*DST/D
GEW o GST ¢ (FF=-FST)*DGF
GDF = GEW/FF
60 TO 36
PLWA CARD
T1 NAN = NUPU
CWSFUsSCWSF
FAU = FF
GAU = GEW
DO 88 NF o 1, NAN
FF o FF+PUFF(1)
GEY o GEU+PUFF(2)
CWSFeCHSF+,001%PUFF(3)
V1l = SQRT(2.,*GEW/(DICHTE®FF))
T2 IZTuNZPZ(35NAL+10)
WRITE{IDRUs74«)IZT)NAMP
T4 FORHAT (Alp25HAIRCRAFT POLAR AIRFOIL »12A1)
CHS = CWSF/FF
IZTuNZPZ2(2,0)
WRITE(IDRU,T76)1ZT

76 FORMAT (Al»39H B(M) S(SQ.M) S*(SQ. M) W(XG) W*(KG),

®3XsIHT/Cr3Xs6H(TICI®,2X»8HAP(SQ.M)»2Xs 3HCDP)
IZTeNZPZ(1,50)
WRITE(IDRU,78)1ZT,8FsFF)FSTsGEWsGSTsDsDSTHCNSFHCWS
78 FORHAT (AlsF6.252FB8.252F8.054F8.4)
IZT=sN2IPZ2(2,0)
WRITE(IDRU,BO)IZT

80 FORHAT (Al,54H ALPHA cL cop coT VIKM/HY VS(M/S)

/D)
D0 84 I = 1,NAL
CA e 0O,
CwP = 0.
D0 82 J = 1,37
BATFeBANT(J)STST(J)I/FST

L
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CALL VISC(I»JsCANT,CWNT,CHOU)
CA=CA«CANT*BATF
82 CWP=CWP+CHNT*BATF

CHGES = CWP ¢ CHWS ¢ 1.03%CA®CASFF/(PI*BF*BF)

IF(ABS(CA).LT,.01)CAe,.01

VKMH s 3,6%V1/SQRT(ABS(CA))
VS = VKMH®CWGES/(3.6*ABS(CA))
GLTZ = CA/CYWGES

1Z7»N2P2(150)

84 WRITE{IDRU,B6) TZTsALV(I)»CAs CHP»CHGES» VKMHIVS»GLTZ

86 FORMAYT (AlsFb.2,FB.392FB.4»FB8,1,F9.3,FB8.2)

IFINF.EQ.0) GO TD 50
88 CONTINUE
CWSF = CHSFU
FFmFaAU
GEW = GAU
G0 TO 50
STRK CARD
90 IF(NUPU)9&,100592
S92 NT = 0
94 DC 98 J = 1,14
IF(PUFF(J)) 965,100.96
96 N7 = NT 4 1
98 T(NT) » PUFF(J)*10.
IF(TABS(NUPU)I.GT.14) GO 7O 11
100 CALL STRDRUTANT)
IFINUPI.NE.O) GO TO 11
DO 102 I o 1,NT
102 Call STRAAK(T(I);RUA;YBL.HXZ»ISTIFT)
G0 70 11
DIAG CARD
104 CALL DIAGR(ISTIFT,NUPU,NUPI)
G0 70 11
PUXY CARD
106 CALL PUDECK
GO 7C 11
STRD CARD
112 IF(NUPU.NE.O) MXZ = NUPU
IF{PUFF(1).NE.O.,) YBL = 100.*PUFF(1)
IF{PUFF(2).NEL.D.) RUA e 100.,*PUFF(2)
G0 70 11
ABSZ CARD
142 IF({NUPALNE.O) AGAM(3)sFLOAT{NUPE)
IF(PUFF(2).NE.Os) ABFASPUFF(2)
G0 710 11
ENDE CARD
150 IF(MGC.NE.O) CALL GCLOSE
IF(HPL.NE,OICALL FINISH
STOP
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COCL CARD

160

162
164

166

IF(NUPA.EQ.O0)GO TO 166
BL1=PUFF(1)+,005
BL2=PUFF(2)+.005

00 162 Kel,5

NLINE(K)SINT(BL1#(10.%*(K=3)))=10%INT(BL1%(10.%* (K~
=3)))=10*%INT(BL2*(10.**{K~

NPAR(K) sINT(BL2*{10.,**(K
00 164 K=l1,12
BROKL(K)»PUFF (K+2)

63 TO 11

CALL CDCL{NUPU,JP,ISTIFT)
GO TO0 11

FXPR CARD

180

ITP=NUPU
CALL FIXLES
MSPLI«O

PAN CARD

170

172

174

17¢

IF(MSPLICEQ.OJCALL SPLITZ(X»Y,»NQsXP)
IF(NUPAJNE.O) AGAM(10)oFLOAT(NUPE)
IF(NUPALEQ.9) GO TO 11

00 172 Ie=1l,14

IF(PUFF(1).EQ.0,)G0 TO 172
MEIG=INT{PUFFI(I))

MEIoMEIG/10

KEI sMEIG-10*MEI
XSTX=ABS(PUFF(I)=-FLOAT(MEIG))
CALL PADD(X,YsXPsNQ, MEI,KEI»XSTX)
CONTINUE

D0 174 I=1,NQ

XF(I)sX(I)

YF{I)eY(I)

BETAF(I)eXP(I)

DLTR=DLT

DLTUR=DLTU

XDA=O,

YDA=Q,

FLCH=0,

DEFLG=0.

NQRSaNQ

NKReNQ-1 ‘

CALL PANEL(NKR,AMAT; GAMMA,CAE)
DARG = ALN

60 T0 11

-FLAP CARD

190

CHORD = XF(1)
FLCHePUFF (1)
XDA2(1.=¢01%FLCH)*CHORD
YDAw,01%PUFF(2)*CHORD
ARCL=.01*PUFF{3)*CHORD

4))
4))

)
)
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¢
333

330

331
328

335

334

340

339
332
337

APPENDIX

DEFLGsPUFF(4)

DLT=sDLTR4DEFLG

DLTUDLTUR-DEFLG

DEFL=DEFLG*BOGEN

ARCLU=,01*PUFF{5)*CHORD

MSPLIe]) .

caLl FLAP(XF;YF'BETAF:NORS’XOA;YDA,ARCL;ARCLU:DEFL:XoYpXP:NQ)
GO TO 17¢&

ALFA CARD

IFINUPA.EQ.D) GO TO 330

MOBRAGsNUPA

AGAM!{2)sFLOATINUPE)

IF(NUPA.EQ.1) AGAM(10)sFLOAT{(NUPE+])
IE(NUPUGEQ.T) GO TO 333

DO 331 Is=1,14%

ALCA(I)=sPUFFI(I)

ITITIsNUPI/2+1

ITIT2=NUPI=-2%]ITIT1+3

DARFe0,

IF(ITIT2.MEL.1)DARFal,

MAL=IABS(NUPU)

IF(NAL.GT.14)NAL =4

D0 334 Is=sl,NAL

PAsALCA(I)

IF(PALLE.—G9.) PAsRS(30+1)
IF(PA.GT.=99,) PAcPA+DARF*DARG
ALV(I)ePA

CALL MOMENT(X, Vs NQyXDA; YDA, DEFLG, MOMAG)
IF(AGAM{2).EQ.,0,)G0 TO 11

NZFsNQ+3
IF(ITP.EQ.2.AND.AGAH(10).EQelsINZFs0
CALL DIA(X),Y»NQ» THK)

THKP2100.*THK

D0341 Nes]l,NQ

NDesN~-1

XDResX(N)

YDOResY{N)

D0 340M=1,NAL

VIM)InABS(VPRIN, M)}

VQel.=VIiM)I®Y (M)
If(ITITl.EQ.Z)V(ﬁ)'VQ

CONTINUE

NIZTeNZIPZ(1,NZF)
IF(NZT.NE.NNESE.AND.N.NE,1)GO TO 341
NZFs0

DO 339 M=}1l,NAL
P(M)=sALVIM)=DARF&DARG
IF(ITP.EO.I)HRITE(IDRU:337)NIT’NUPRO’THKPo(P(H!’H'IJNAL)
FORMAT (Al»BHAIRFOIL »14,F8.,2,1HZ,F9.2,13F8,.2)



APPENDIX

IF(ITP.EQ.2)WRITE({IDRU»IISINZIT,NAMPs THKPyFLCHIDEFLGs (P(M)yMal,NAL)
336 FORMAT (A1,8HAIRFOIL s12A1,F8.2511HY THICKNESS»F10.2,6H% FLAP,
*F8,2,19H DEGREES DEFLECTION/23X,14F8.2)
IF(ITP.EQ.2)INZT=NZPZ(1,0)
NZIT=NZPZ(1,0)
WRITE(IDRU»IIBINZTSCPVIITITL)»(ALTX(M,ITIT2) s M=l,4)
338 FORMAT (Als3H NsTXs1HX»B8Xs1HY,5X,A9,60HDISTRIBUTIONS FOR THE ABOV
$E ANGLES OF ATTACK RELATIVE TO THE»4A4)
NZTaNZPZ(1,0)
341 WRITE(IDRU»342)ND,XDR ,YDR »(V(M),Mal,NAL)
342 FORMAT (I49F10.55F9,.5514F8.3)
IF(ITP.EQ.2)G0 TO 11
NZT=NZPZ(1,0)
WRITE(IDRU»344INZT»DARGSCMyETA
344 FORMAT (Al,BHALPHAQ =,F5,298H DEGREESs3X»5HCMO ©»F7.4,3X,
*S5HETA ®)F6.3)
607011
END
SUBROQUTINE PADD(XsY»)BETApNQyMEI,»KEI,XST)
DIMENSION X(65),Y(65),8ETA(63)
COMMON/PLTM/MPL,MGCH» XZEH» YZEH)MSPLI
IF(MSPLIL.EQ.O)CALL SPLITZ(XsY,NQ,BETA)
HeME]
KsKEI
IF(M.NE.O)GO TO 14
XvaX(1l)
D0 10 I=2,NQ
XKMeX(I)
DXoXH=XYV
IF(KoGT.0.AND.DX.LT.0.)G0 TO 10
IF((XM=XST)*DX,GE.0.)G0 TO 12
10 XVoXH
IaNQ
12 Kal=1
Kol
14 X0e=X(1)
XMaX (M)
XHP=sX(M+1)
DXaXMP=XM
PH1ewATAN2(SQRT(XME(XO0=XM) )y XM=,5%X0)
PH2oATANZ2(SQRT(XMP®*( XQO=XMP) )y XMP=,5¢X0)
DYsY(MH+l)=Y(M)
OLTA=2ATAN2(DX»=-DY)
GA=BETA(M)=-DLTA
GAS=DLTA-BETA(NM+1)
TGeSIN(GA) 7/COS(GA)
TGSsSIN(GAS)/COS (GAS)
KS=NQ
2 KR=KS+K
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X(KR)sX(KS)

Y{XR)=sY{KS)

BETA(KR)eBETA(KS)

KSeKS=1

IF(KS.GT.M)GD T0 2

FKPeFLOAT{K+1]}

DO & KEel,K

XIoFLOAT(KE) /FKP
IF(XH-GE.XST.UR.XHP.GE.XST)XI'(.5‘X0‘(1o0CUS(PHI#XI‘(PHZ-PHI)),
1 =XM}/DX

IF(HEI.EQ-O)XIB(XST-XH)I(XHP—XH)
ETAGXI‘(la-XI)*(TG‘(l--XI)¢TGS‘XI)

HENHM+KE

Y(ME)aX (M) +XI[*DX=~ETASDY

Y(ME)aY(H)SETASDXeXI*DY ’
SETA(HE)BATAN(TGQ(lo-XI)‘(1.-3.‘XI)¢TGS‘XI‘(Z.-S.‘XI))¢DLTA
NQeNOe+K

RETURN

END

SUBRDUTINE HUHENT(X-Y»NO:XDA,YDA:DEFLG»HUHAG)

DIMENSION X({NQ)s YINQ)

COMMONZEA/ILES)IDRU» ISTASNNESE
CUﬁHUNIPRAL/DLTDDLTU:ALN’ALV(16):NAL9ITP)NAHP(12)9CHL(15),CRL(14)
1 DCPV(Z);ALTX(QDZ)DDARFDITITI’ITITZ

TF(MOMAG.NEL1) GO TO 4

N2TeNZPIZ{(2,NAL*G)

WNRITE{IDRU» 1INZToNAHP, XDA, YDA

FORMAT (Al»>BHAIRFOIL »12A123X»22HHINGE POINT AY X/C =,
$EB64s3XsSHY/C =oFba k)

NZT=NZIPZ(1,0)

WRITE(IDRU»2)INIT»DEFLG

FORMAT (Als6H ALPHA)OX:ZHCH»?X:ZHCH’4!:7HDELTA s,Fb.2s8H DEGREES)
DD 31 M=1l,NAL

XD® .25

YDeO.

DO 20 K=1,2

SWITCHol,

DRQV"I.

DXeX{1)=XD

DYsY(1)=~YD

RQVeDX2DX+DYS®DY

VQVaVPR{1sM)®%2

CR=0.

DO 10 1=2,N0Q

DxsX(I)=XD

DY=Y(1)=-YD

RQuDX*DX+DYZDY

DRQaRQ=-RQV

VOsVPR(I,M)®%2

e
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20

30
32
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IF(XD.EQ.0. .OR.K.EQ.1)GO TO 5
IF(ORQV.GE«Os+OR,DRQ.LT.0.)GO TO 5
CReCR+SWITCH®RQV=*VQY
SWITCHs~=SWITCH
IF(SWITCH.GT+0.)CRaCR+RQA*VQV-RAV*VOQ
RQVs=RQ :
ORQV=DRGQ

vQvsVvQ

CRs,25%CR

IF(K.EQs1)CMaCR

XDs=sXDA

YO=YDA

CML(M)=CH

CRL(M)=aCR

IF(MOMAG.NE.1) GO TO 31
NZT=NZIPZ2(1,0)
WRITE(IDRUs32INZT,ALV(M},CM,CR
CONTINUE

FORMAT (Al1,F6.2sF9.4»F10.5)
RETURN

END

SUBROUTINE SPLITZ(X,YsNQsBETA)
COMMON/EA/ILES,IDRUs ISTA)NNESE
COMMON/PLTM/MGC, MPLy, XZEH) YZEH,MSPLI
COMMON GAPL(1175),IGAP(6),GAP3(753),U(121),V(121),05(121)
DIMENSION X{NQ)s Y(NQ),BETA(NQ)
OATA DBSOLL/Y.E-6/

MSPLI=]

NKeNQ-1

DO 10 N=1,NQ

XN=X(N)}

YNeY(N)

IF(N.EQ.1)GO TO 8

DXsXN=XV

DYsYN=YV

MaN-1

ANaSQRT(DX*DX+DY*DY)

DS(M)=AN

IF(M.,EQ.1)G0 TO &
U(M)eDXVEDX+DYVSDY
V(M)eDXV*DY=-DYV*DX
DDm={AV/(AV+AN) ) *ATANZ(V(M),U(M))
BETA(M)I=sSIN(DD)/CDS(DD)

AVe AN

DXvVaDYX

DYVeDY

XVe XN

YVoYN

BETA(NQ)=0,
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20

28
30

APPENDIX

NIT=0

D8Ms0,

NITeNITel

OBMcO.:

AVsDS(1)

GSeBETA(2)

GN-.5‘GS

D0 20 Ns2,NK

UNsU(N)

VN=sV(N)

CP= (UNBGS+VN) /{VN®GS=UN)

ANaDS (N)

GCPS=BETA(NS])

IF(N.EQ-NK)GPSa,5%GP

6SQeGS5*GS

GPQoGP»GP
EnAV*(2,%6P=GPS)3(1.oGPQ)=AN® (2 ,%65~GNI*(1,.+G5Q)
ESuAN+AY

1F{GSQ+GPA.LT..09)GD TO 18
ESaAVE(1,+3,9GPQ=GPSGPS)S(UN=GPOVN)/ (UN=GSSVN)}+ANS2(1,+3.,¢GSQ
1 -GS=*GN) -
DE= .S5*E/ES
IF(DBM.LT.ABS(DE))DBMaABS(DE)

GS=GS+DE

BETA(N)=GS

AVsAN

GMs (UN%GS+ VM) /(VNRGS=-UN)

GS=GPS

IF(DBM-CT.DBSOLL LAND.NIT.LE.L15)G0 TO 12
DO 30 Nsl,NQ

XNaX{N)

YNsY(N)

IF(N.EQ.1)GD TO 28

DX XN=XV

DYsYN=YV

DLTsATAN2(DX,=DY)
IF(NEQ.2)BETA(1)=DLT+ATAN{ . 5*BETA(2))
BETA(N)=DLT=ATAN(BETA(N))

XVe XN

YVeYN

BETA(NQ)=DLT-ATAN{.5%GN)

RETURN ’

END

SUBROUTINE FLAP{XsY,BETA)NQsXDA» YDA ARCLIARCLU,DEFLy XFyYF,BETAF,

* NQF)

DIMENSION X{NQ)» YUNQ)»BETA(NQ), XF(NQ),YFINQ),BETAF(NQ)sNAB(252))

1 NPAL2)
DO 2 Nsl,NQ
XFIN)=X{N)

- — e - e
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YF(N)sY(N}

BETAF(N)SBETA(N)

NQF=NQ

NSUCH=NQ/2

00 22 M=1,2

AQe=l.E10

00 10 Ne1,NSUCH

NPsN+{M-1)*NSUCH

DTX=XDA=X{NP)

DTYsYDA=Y(NP)

ANQ=DTX*DTX+DTY*DTY

IF(ANQ.GE.AQ)GO TO 10

NDPsNP

AQ=ANQ

DBT=ATAN2(DTY,DTX)=BETA(NP)

CONTINUE
IF(SIN(DBT}«GEL.O.INDP=sNDP=1
XVDPsX(NDP)

YVDOPsY(NDP)

DXaX{NDP+1}=XVDP

DYsY{NDP+1)-YVDP

DLT=ATAN2(DX»=DY)

GASBETA(NOP)=DLT

GASsDOLT-BETA(NDP+1)

TGeSIN(GA)/COS(GA)

TGS=*SIN(GAS) /COS(GAS)

UsXDA-XVDP

VsYDA-YVDP

SOL=SIN(DLT)

CDL=COS(OLT)

DLsSQRT(DX*DX+DY*DY]}

XIDA={U*SDL-V#COL) /DL

ETADA= (USCDL+V*SDL) /DL

XITsXIDA

XKPel,=XIT

DEITEETADA-XIT*XKP*(XKP*TG+XIT*TGS)
XINaXIDA+DEIT#(XKP#(1.~3.#XIT)STGHXIT#(3,#XKP=1.)*TGS)
IF{ABS{XIN=XIT)elLT.400001)G0 TO 14
XITeXIN

60 TO 12
AAsDL*SORT((XIT-XIDA)I*(XIT=-XIDA)+DEIT*OEIT)
ALSARCL+SINC(.S*DEFL)I*SIGN(AA, DX*DEIT)
IF(ARCLU.GT+.00001.,AND.DX+GT. 0, )ALOAL-ARCLOARCLU
IF(ALLLT..0001*x(1))AL=,0001%X(1)
XSToXKP

po 20 L=l,2

ND=3-2%L

ALRe=XST#0L-AL

NReNDP+L-1
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NVsNR+ND

DYSeaX(NV)=X{NR)
DLSsSORT((Y(NV)=Y(NR))*%2+DXS*DXS)
IFIALR.GE.0.)G0 TD 18

ALR=ALR+DLS

NReNR=ND

DXLV=DXS/DLS

GO 7D 16

XBRaX(NV)+ALRHDXLYV

NOUs2%¥=3

CALL PADD(XF,YF,BETAF,NQF,O0,NCU, XBR)
NAB(M,L)oNV+2OM-]

XSTaxIT

CONTINUE

COF=COS(DEFL)

SDFaSIN(DEFL)

Mal

Nml

00 30 L=}l,NOF

AF(M)sXF(L)

YF{N)esYF(L)

BETAF(N)sBETAF(L)

IF(L.EQ.NAB(M;1) INPA(M)aN
IF(L.GT.NAB(1,1)AND.L.LT.NAB(2,2))G0 TO 26
BETAF(N)=BETAF(N)=DEFL

DYeXF(NY=XDA

DY=aYF(N)=YDA

XFI(N)aXDA+DX*CDF +DY2*SDF
YF(N)aYDA=-DX*SDF «DYSCDF
IF(L.EQ«NSUCH) N2

IFCIL=NAB( My 1)) (L=NAB(Ms2))oGE.DO)NON+]
CONTINUE

NQFeN=-]

CALL PADD(XFyYF,BETAF, NOFsNPA(2)53,XF(1))
CALL PADDU(XFsYFsBETAFINQF»)NPA(2)535XFIL1))
RETURN

END

SUBROUTINE PANEL (NKsAs GAMMA,CAE)

COMMON P1(121),P(121),XP(121),YP(121)sPUFF(14)sAGAM(24),X(121))

1Y(121),05(122),VF(121)2ARG(121)0ANI(28),ALFA(29)51I22,KFUsNQ)NUPRD)S
2JABLIUSTCM,ETA» ABFA, PI,BOGEN

COMMON/PRAL/DLT s DLTUSALNs ALV{14))NAL»ITP,NAMP(12),CNL{L4&4),CRL(14)
1l »CPVI2)sALTX(4,2),DARFITIT1H,ITIT2

COMHMDN/EA/Z/ILESSsIDRU, ISTA) NNESE

DIMENSION GAMMA(NKS2)»)A(NKsNK)»BETA(121)»DELTA(120)56G(121,52)>
1CAE(2),Z2L(120)5DAl4) .

EQUIVALENCE (G(1s1)},VF(1)),{BETACL),XP(1)),(DELTALY),»P1(1)))
10ZZL1)sP(1))

LOGICAL WAKE

&y

AR
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DATA FED/.00001/

MAUSsIDRU

ITPe?2

NAGAeINT(AGAM(10))
DELTA(1)=,5%(BETA(1)+BETA(NQ) =PI
XHH=X(NQ)

YHM=Y(NQ)

00 2 Ns1,NQ

XNsX(N)

YN=sY{N)

DXeXN=XHM

DYsYN~YHM

OLsSQRT(DX*DX+DY*DY)

DS(N)eDL

IF(N.NE.1)GD TO 22
WAKE=DL.GToe.0001%XN
IF(.NOT.WAKE)GD TO 24
DELTA(N)=ATAN2(DX»=DY)

XHM= XN

YP{N)sDELTA(N)

YHM=s YN
IF(DELTA(1).6T,0.)DELTA(L1)=DELTA(L1)=2.%P]
EDGE1=BETA{1)=DELTA(])
EDGE2=BETA(NQ)=DELTA(1)=2.*P]
COSAB=COS(EDGE]L)
SINAB=SIN(EDGEL)
COSAQ=COS(EDGE2)
SINAQsSIN(EDGE2)
ZIL(1)ePI*, 5% ({SINAB-SINAQ)+COSAB+COSAQ
D0 20 M=l,NQ
IF(.NOT.WAKE.AND.M.EQ.NQ)GO TO 20
BEMSBETA(M)

XMRE=aX(M)

YMREaY (M)
IF(M.GT.1.AND.H.LT.NQ)GD T0300
XHRE= ,S#{X(1)+X(NQ))

YMRE= . S*{Y(1)+Y(NQ))
BEM=DELTA(L1)+FLOAT(M/NK)* ,5#pP]
CBHeSIN(BEM)

SBMe=COS(BEM)
IF(H.LE.NK)‘(H)I"O.
G(M,))e=CBMeH,2831085
G(H,2)n—-5B8NM"*6,283185

XNR=XN

YNRs=sYN

D0 9 NKORe=1l,NQ

XNPas X (NKOR)

YNPsY{NKOR)

DATs0,
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DASe0.

DAYeO,

17({ NOToWAKE.AND.(NKOR,EQ.1.ORNKOR,EQ. M+NK)})GC 70 8
IF{NKDR.EQ.1.AND.M.EQ.NQIGO TO 8
NeNKOR=-1

IF(N.EQ«O)N=l

DU= XNP=XNR

DVvesYNP-YNR

DL DS (NKOR)

CPsDU/DL

SPsDV/DL

GASBETAIN)=-DELTA(NKOR)
GAS=DELTAINKOR)=-BETA(NKOR)

XAAsXNR

YAA=YNR

DLRsDL

IF(HONEQNKOR.‘NDDHQNE.NKDR‘I)GD TO 200
IF(.NOT.WAKEIGD TO 6

IFINKOR.EQ.1)G0 TO 7

200 DXeXMRE=XNR
DY=YMRE-—YNR
Us(DX*CP+DY*SP) /0L
Ve {DY*CP-DX*SP) /0L
PK=l,

PKL=l,

IF(NKDOR.EQ.,1)G0 TO 204

EMAX=ABS (GA+GAS) /78,

RAB=ABS(V)
IF(UelTeO0eeORUsGTol s )RABSAMAXI(RABSABS(U)»ABS{U=1,4))
FAB=EMAX/(FED*RAB)

IF(FAB.LT.1.)G0 TD 204

PK =FLOAT(INT(FAB®*,333333)+1)

TG=SIN(GA) 7/COS(GA)

TGS=SIN{GAS)/COS(GAS)

202 XI=PKL/PK
ETASXI®(1.=XI)*(TG*(1.=XI)+TGS*X])
XZaXAA+XI*DU=~ETA®DYV
YZsYAA+ETA®DU+XI®DV
DUZesXZ~XNR
OVI=YZ-YNR
DL =SORT{DUZI*DUZ+DVZI*DV2)
cpspUZ/DL
SP=DVZ/DL
DX=sXMRE=-XNR
DYsYMRE~=YNR
Us (DX*CP+DY*SP) /DL
Ve (DY*CP=DX25P) /DL

204 VQeyRy

a2
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UQ=syU*y

OEN1=U-,333333

OEN = DEN1*DEN1+VQ

IF(DEN.LT.10000.)G0 TO 205
WU=,5%V/DEN

WVs=~,53DEN1/DEN

DENleU=,66606467

DEN=DEN1*DEN1+VQ

WUSe,5¢V/DEN

WVS»=,5%DEN1/DEN

OwU=0,

DHVsOQ,

GO0 TO 206

ULMsU=1,

TAD=ATAN2(V,UsULM+VQ)

TALa . 5*AL0G((VQ+UQ)/ (VQ+ULMSULM))
WUe(1,.,-U)*TAD+VeTAL
HVeVeTAD~(1l.-U)*TAL-1,

WUSoU*TAD=-V*TAL

HVSol,~-USTAL-V%TAD

DWUs (U-UQ+VQ)*TAD+V*(2.%U-1,)*TAL-YV
DWVa(UQ=VQ=U)*TAL+(2,%U=1,)2(V*TAD-,5)
FNMXsWUeCP=WVaSP

FNNYaWVECP+WU*SP

FNNXSaWUS*CP=WVS*SP
FNMYS=sWVSSCP+WUSeSP

DFXeDWUSCP-DWV*SP

DFYsOWVECP+OWURSP
DAXa(FNHX*CBM+FNNY*SBM) /PK
DAZc(FNMXSHCBN+FNHYS®SBN) /PK
DAUSDFX*CBM+DFY*SBM
IF(NKOREQ.1)0OAX=DAXSCOSAB+*(FNMX*SBM=FNMYSCBM)*SINAB
IF(NKOR.EQ.1)DAZw=DAZ*COSAQ=( FNMXS*SBM-FNMYS*CBM)*SINAQ
DAToDAT+DAX®(PKe1.=PKL)#DAZ*(PK=PKL)
DAS=DAS+DAX®(PKL=1,)+DAZ*PKL

DAYaDAY+ (DAU/PK+DAX® (PKL=1,)*(PK+1,~PKL)+DAZ*PKL*(PK=PKL))/PK
IF(PKL.GT.PK=-,01)G0 TO 8

PKLePKL+1l, -

XNR®X2

YNRoYZ

GO TO 202

FLOM=FLOAT(NKXOR=HN)
DAS®.S5%GAS+(FLON-,3333333)#(GA=GAS)
OATe 58GA+ (FLOM=,65666667)%(GA~GAS)+FLON®P]
DAY= (GA+GAS) /12,

GO 70 8

DAT=ALOG(DS{NQ)ZDL)

DASeo-1,

G0 TO 8
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DAS=PI#,5%(COSAB=COSAQ}=SINAB=SINAQ
00 100 Le=ls4

DA(L)=0.

IF{NXKDR.EQ.,1)G0 TO 106
IF(NKOR.GE.3)FMe DS (NXKOR=1)/DLR
IF(NKOR,LE.NK)FP=DS(NKOR41) /DLR
IF{NKOR,EQ,2)G0 TO 102
IFI{NKOR.EQ.NQ)GD TD 104
DAH=DAY/2.
DA(1)a~DAH/(FM®(FN+1.))
DA(2)eDAH®(1, /FM=1./(FP+1,)) ¢ DAT
DA(3)eDAM® (1, /FP=1,/(FM+1.)) ¢ DAS
DA(4)==DAH/(FP®{FPe1l.))

G0 T0 108

DA(2)aDAT~DAY/(FPel,)
DA(3)=DAS+DAY/FP
DA(4)o=DAY/(FP*{FP+l.))

60 TO 108
DA(1)e=DAY/(FMS(FM+1.))
DA(2)=DAT+DAY/FM
DA{23)=sDAS=DAY/(FHMNel,)

GO TO 108

DA(3)=DAS+DAT

DO 116 Leisé

NE=NKOR+L=3
IF(NE.GTNQ.OR,NE.LT.1)GO TO 116
IF(NEL.LT.NQ)GO TO 110
IF(M.LTNQIA(H,1)oA(My1)=DA(L)
IF(M.EQ.NQ)IZZL(1}=ZZL(1)=DALL)
GO Y0 116

IF(M.EQ.NQ)GOD TO 112
IE(L.EQ.4)A(MyNE)eDA(L)
IF(LLT.4)A(MyNEI=A( M, NE)*DA(L)
60 70 116
IF(L.EQ.4)YZZL(NE)=DALL)
IF(L.LT.4)ZZLINE)=ZZLINE) #DALL)
CONTINUE

XNResXNP

YNR=aYNP

CONTINUE
IF(.NCT.WAKE)A(LsNK)sA(LsNKI=1,0
IF(WAKEIGO TO 139

DD 136 Ns=l,NK

ZZIL(N)}=O,

ZIL(1)=1.
We(1.40S(3)/D05(2))8*,66667
ZZL(3)=.5/(W=1,)
ZIL(2)==W*ZZL (3)
Wo{1.4DSINK)/DSINQ))**,66667
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ZIL{NK=1)®=,5/(W~1,)
ZIL(NK)s=W*ZZL (NK=-1)

139 D0 144 Ns=l,NK
DO 141 M=l1l,2
GRoQ.,

DO 140 Ls=l,NK

140 GRaGR+G(LsM)*A(L,N)
IF(WAKE)IGRaGR+GINQsM)*ZZL(N)

142 GAMMA(N, M) =GR
D0 143 MeNsNK
BWeQ.

DO 142 L=1,NK

142 BWeBW+AIL,N)®A(L,M)
BWeBW¢ZZL(M)®ZZIL (N}

143 DELTA(M)=BW
00 144 MeN,NK

144 A(M,N)eDELTA(M)

D0 146 N=sl1,NK
00 146 MsN,NK

146 A(NsM)=A(M,N)

CALL GAUSS(A,GAMMA,NKs2,0.)
00 152 Ms},2

CAs=Q,

DO 150K=2,NK

150 CAsCA+(DS{K)+DS(K+1))*GAMMA(K, M)

152 CAE(H)=CA/X(])
ALNSATAN2(CAE{(1),CAE(2))/BOGEN
IF(NAGALEQ.0)GD TOD 48
NZTeNZPZ(2,NAL+3)
IF(AGAM{2) «NE.OQs INITSNZPZ({3,0)
WRITE(HAUS, @2)NZT,NANP,CAE»ALN

42 FORKWAT (Al1,23HPANEL METHOD AIRFOIL 512A153Xs4HCA =)F8.551Hs»

$FB845,3Xp BHALPHAO s,F5.2,8H DEGREES)
IF{NAGA,LT,.3)G0 TO «8
NITeNZPZ(1,0)
WRITE (MAUS,43) NIT
43 FORMAT (Aly3H No7Xs 1HXsIX,LHY»BX»4HBETA»6Xs 6HGAMMAL» SX, 6HGAMMAZ,
*5X, 4HTAUL, 6Xs 4HTAUZ2, 6X;5 2HDS)
00 44 KolsNK
NZTsNZP2(1,0)
KD=K-1
GAsSBETA(K)=YP(K+1)
GASesYP(K)=-BETA(K)
b4 WRITE(HAUS,» 48 )INZToKD»X(K)»YIK)»BETAIK) »GAMMA(KS1) s GAMMAIK,2)),GAy
1 GAS »DS(K+1)}

46 FORMAT (A15,1352F10.5,3F1145,2F10.5,F9.5)
NITeNZPZ(150) ,
WRITE(HAUS» 46 )INZToNKy)X{(NQ)»Y(NQ)»BETA(NQ),GAMMA(Ls1),GAMMA(]1,2)

48 DO 50 K=}1,NK
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VFIK)oGAMMAL(K, 1)

ARG(K)sGAMMA(K,2)

VFINQ)s=GAMMA(L,1)

ARGINQ)o=GAMMA(1,2)

RETURN

END

SUBRDOUTINE WANDEL(N,NFpMy,MHB)

DIMENSION NF(M),NVGL(11)

DATA NVGL/1HO»1H1s1H2,1H3,1H4,1HS591H6) 1HT»1HB,1HI»1H /
NWsN

DO 1 Kel,H

MReHel=K

Lell

JIFINW.EQ.O.OR. K. LE.MHB)IGD TD 1

NX=NW/10

LaNW=10%NX+]l

NiWsNX

NF{MR)aNVGL(L)

RETURN

END

FUNCTION VPRINsI)

COMMDON GAP(BT7&)sVF(121))ARG(121),GAPS(57),1225sKFUNNQ
COMMON/PRAL/DLT)DLTUSALN» ALV(14)oNALS ITP,NAMP(12),CMLI{1&),CRLI(14)
1 »CPV(2)sALTX(4»2)sDARFITITI,ITIT2

DATA ALRy)ANR/99,.,99,/

IF(ITP=1)2s2s4
VPRaVF(N)*COSG(1B80.¢FLOATIN=1)/FLOAT(NQ=1}=-ALV(]]})
GO TO &

IF(ALVIII.EQ.ALR<AND.ALN.EQ.ANR)GD TO &

ALReALV(I)

CAST=COSG{ALR=-ALN)

SASTeSING{ALR=ALN)

ANRsALN

VPRECASTHVF(N)¢SASTE®ARG(N)

RETURN

END

SUBROUTINE FIXLES

DIMENSION NAM(S)

COMMON GAP(S512),X{121),Y(121)»GAPS(42Y),IDU,KDU,NQs1IGA(3),GAPT(4),
1B0GEN :
COMMON/ZEA/ILES,»IDRUS ISTA)NNESE
COMMON/PRAL/DLT>DLTUSALN,)ALV(14),NAL>TITP,NAMP(12),CHMLI24&)»CRL(14)
1 SCPV(2)sALTX( (4, 2)sDARF,ITITILITIT2

READ (ILES»2) NAMP

FORMAT (12A1)

READ (ILES»3) MUP,MLOW

FORMAT (215)

NQsMyP+MLOW-1

CALL RDC (XpMUP,=151)
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CALL RDC (Y,MUP,~1,1)

CALL RDC (X»MUPs»1,pNQ)

CALL RDC (Y,MUP,1,NQ}

NT=NQ/12
DLT=Y(NT)/(BOGEN*(1.=-X(NT)))
NTaNQ=NT+1
DLTU==Y(NT)/(BOGEN®*(1.-X(NT)))
RETURN

END

SUBROUTINE RDC (ARR,NB,NDsNE)
DIMENSION ARR(121),BF(8)

COMMDN IEAIILES)IDRUDISTA)NNESE
NsN8B

READ (ILES»10) BF

FORMAT (8F10.5)

DO 15 M=1,8

ARR(N)=BF (M)

IF (NJEQJ.NE) RETURN

N=N+ND

GO T0 S

END

SUBROUTINE DEFINE(PL,»QsHsXUsXCsYU»YD)
COMNON/PLTM/MPL, MGCs» XZEH» YZEH, MSPLI
COMMON /GRMIN/XMIN)YMIN,XSCALE,YSCALE
LOGICAL PL

IF (MPL.EQ,1) GO TO 1

CALL PSEUDD

CALL LERQY

HPL =]

XHIN= XU

YHINa YU

CALL CALPLT (0.50e9-2)
IF(RGC.NE.O)CALL GCLOSE

MGCe=]

XZEH=Q/(XO=-XU)

YZEHaH/ (YO-YU)

XSCALE=XZEH/2%5.4
YSCALESsYZEH/25.4

RETURN

END

SUBROUTINE GCLOSE
CDHHDNIPLTHIHPL'HGC:XZEH)YZEH’HSPLI
CALL NFRANE

MGC=0

RETURN

END

SUBROUTINE FINISH

CALL CALPLT (045045999}

RETURN
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END
SUBROUTINE SMOOTH(ISsXsYs8TsNQyA)
COMMON GAP1(1175),1IGAP(6),GAP3(753),XPL{121)»YPL(12])
COMMON/PLTM/MPL, MGC» XZEHs YZEH)MSPLI
COMMON/ZEA/ILES» IDRU, ISTASNNESE
DIMENSION X(NQ)»Y{(NQ),BTI(NQ)
LOGICAL &
EXTERNAL A
DATA HS/Z.4/
TF(MSPLILEQ.O)CALL SPLIT2(X»Y»NG»BT)
XVaX{l}
YvVeY (1)
BTveBT(1)
1=1
XPL{l)eXV
YPL(I)sYV
DO 10 Ns2,NQ
XRaX{N)
YRsY(N)
BTRaBY(N)
DXeXR=XV
DYsYR=YV
DL=SQRT(DX*DX+DY*DY)
DLTs ATANZ{DX,=DY)
GAsSIN(BTV=DLT)/COS(BTV=DLT)
6ASsSIN(DLT-BTR) /COS(DOLT=BTR)
IF(ABS(GA) oL T s o4 oAND ¢ABS(GAS) LT e4)GD TO 4
MSMoN-1
MZToNZPZ(250)
WRITE(IDRU»2Z2INZIT»GAs GASyMSMHN
2 FDORMAT (A1»38HWARNING = SUBROUTINE SHOOTH HAS SLOPES,F6.3,4H AND,
*FE.3,15H BETWEEN POINTS»13,4H AND»13)
4 ESS =ABS(GA=2,*GAS)
ESsABS(GAS=2.%GA)
IF(ES.GT.ESS)IESS=ES
NABsINT(SQRT(OL#*XZEH*ESS/HS) ) +]
FNAB=FLOAT(NAB)
DO 6 KelyNAB
UsFLOATIK)/FNAB
VaUB{]l,.,~U)e(GA*(1.-U)+GAS*U)
Jelel
XPL{I)sXVeURDX=VeDY
YPL(I)sYV+URDY4VRDX
IF(I.LT.121)60 TO &
CALL POLZUG(IS»XPLsYPL21215+TRUE.»A)
Iel
XPL{1)eXPL(121)
YPL(1)=sYPL(121)
6 CONTINUE

S8
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XVs=XR
YV=YR
8TvaBTR

IF({TI«GTo1)CALL POLZUG(ISsXPLsYPLsI,TRUE.»A)

RETURN
END
SUBROUTINE BPLOT(XsYsNyM)

COMMON/PLTM/MPL, MGC) XZEH) YZEH, MSPLI
COMMON/LINING/BROKL(12)sNLINE(S)sNPAR(S) )

DIMENSION BF(8)

DATA NLINE/2%1,3%3/,NPAR/052s45698/5BROKL/5¢9145510.59%1,5/

IF(M.EQ.2)G0 TO 20
IF{M*ND,GE.2)G0 TO 4

IF{H.EQ.0.OR.N<EQ.1)CALL TPLOT(X»Y»N50)

IF(ND.LE.1)GO TO 10
Kel

SPLeBF(1)#*,5

60 T0 10
DXoXZEH®{X=-XV]
DY=YZEH®(Y=-YV)
DS=SORT{(DX*DX+DY*DY)
SPTaSPL
IF(SPL.GT.DS)SPTeDS
XEaXV+SPT*DX/(DS*XZEH)
YEaYVoSPT#DY/(DS*YZEH)
NPENs {K=2%(K/2))*N

IF(NPEN.NE.O.OR.SPL.LE.DS) CALL TPLOT(XE,»YEsNPEN,O)

IF(SPT.EQ.DS)GO TO 8
Kui+]l
IF(KeGToNDIKa]
SPLeSPL+BF(K)

GO TO 6
SPL=aSPL-DS

XVeaX

YVaY

RETURN

ND=NPAR({J)
IFIND«LTL2IRETURN
NANsNLINE(J)
NEN=NAN+ND~-1
SBsQ,

DO 22 KsNANpNEN
SB=SB+BROKL(K)
ABesAINT(X/SB)+1,
D0 24 Ks1l,ND
KSeK+NAN=]1
BF(XK)oX*BROKL(KS)/(AB%5B)
RETURN

END
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SUBROUTINE POLZUG(ISTHR»S»JsALGH»B)
COMMON/PLTM/MPL) MGCo» XZEH) YZEH,MSPLI
DIMENSION R({J)sS5(J)

LOGICAL B,ALG

DATAXs)YZ70es04f

IFLALG)IGOD TO 4

PTLs=0.

DO 2 Ks2,J

DXsXZEH®(R(K)=R{K=1))
DYsYZEN®(S(K)=-S(K=1))
PTLsPTL+SQRT(DX®DXeDY*DY)

CALL BPLOT(PTL»De20,2)

MAN=O

NPz}

NPDel

NENDe=J

IF(XZEH¢ABS(R(1)-X)¢YZEH‘ABS(S(l)-Y)oLE.KZEH‘ABS(R(J)-X)OYZEH‘ABS

1 (StJ)=Y)3GO TO 10

NP2y

NPDec=-1

NEMNDse]

XeR{NP)

YeS({NP)

NPEMNSO

IF(B{X, Y))NPENGal
IF(MANJNE-O0)GO TO 12

HAN®]

IFCALGICALL TPLOT(X,Y,0,0)
IF{.NOT.ALG)CALL BPLOT(X»Y»0,0)
GO T0 19

IF(NPEV.EQ.NPEN)GO TO 18

XleX

YisY

DO 1¢ Kel, 7?7

XZ1so52(X14XV)

Yls,5%(Y1+YV)

Nls0

IF(B(XZyYZ)INZ=]
IF{NZ.NEJNPEVIGO TO 14

Xvsexl

YVsYZ

GO TO 16

X1leXx2Z

Yls7Y2

CONTINUE

IF(ALG)ICALL TPLDOT(XZ,»YZsNPEV,»0)
IF( NOT.ALGICALL BPLOT(XZ,YZ,NPEV,1)
IF(NPEN.EQ.D)GO TO 19
IF(ALGICALL TPLOTI(Xy, Yo NPEN»O)
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IFC.NOT.ALG)ICALL BPLOT(XsYsNPEN,1)
IF(NP.EQ.NENDIRE TURN

XVsX

YVaY

NPEVsNPEN

NPeNP&NPD

60 TO 10

END

SUBROUTINE TPLOT(X»Y,NPEN,NORIG)
COMMON /GRMIN/ZXMIN)YMIN,XSCALE,YSCALE
A (X=XMIN)*XSCALE
Ba(Y=YMIN)®YSCALE

IPEN=3=NPEN

CALL CALPLT (AsB,IPEN)

RETURN

END

LOGICAL FUNCTION TRUE(X,Y)
TRUE = ,TRUE.

RETURN

END

SUBROUTINE ACHS(MsUA»Ul5U25SA»SEsDS»DS2,4)
DIMENSION X(3),Y(3)

LOGICAL A

EXTERNAL A

MXY=s2%{M/2)=H

DS3=DS2

DS1eDS K
Y(1l)sUA

Y(2)=oUA
XSaDS1sFLOAT(INT(SA/DS1))
IF{SA.LT.0.)XSaXS=-DS1

X{1)aXS

IF(M.LE.2) GO TO 1
FKTsl,/ALDG(10.) .
X(1)eFKT#ALOG(X(1))

DS3e=1,

XSsXS+DS1

X(2)=XS
IF(MGT2)X(2)eFKT*ALOG(XS)
X(3}=X(2)

Y(3)sUl

IF(ABS(OS3*FLOAT(INT(X(3)*1,0001/053))~-X{(3)).6T7..0001)G0 TO 2

Y(3)sy2 -
IF(H.GT.2)051=10.%0S1

IFIHNXY.EQ.O)CALL POLZUG(1,»Y»Xs»35«TRUELsA)
IFIMXY NE.OICALL POLZUG(1sX»Y»3s.TRUE.sA)
IF(XS.GE.SE--OOOI)RETURN

X(1)aX{2)

G0 TO 1
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END
FUNCTION NZIPZ(LL,M)

FUNCTIGN ~ LINE COUNTING

N =

10

DIMENSION IT(4)

DATA IT(1),IT(2),IT(3),1IT(4&)/1He,1H >1HO»1H1/,NZEIZA/100/

LsLL

IF(L.GE.3) GO TO 1
NZEIZAsNIEIZA+L

IF (MeNZEIZA.GT.46) GO TO 1
GO T0 2

Le3

NIEIZA=]

MZPZ=IT(L+1)

RETURN

END

SUBROUTINE GAUSS(AsBsN,MeEPS)
DIRENSION AINpN)sBINgH)
COMHON/EAZILES»IDRU, ISTASNNESE
EPS & ABS{EPS)

DO 3 JslsN

H e o0

DO & IeJo M

7 = ABS(A(I,J))
IF({Z.LToH) GOTO &

K s ]

H e 2

COMTINUE

IF(H.GT,.EPS) GOTO 5
FORMAT (38K SINGULARITY ALARM IN SUBROUTINE GAUSS)
HRITECIDRU, )

RETURN

IF(K.€EQ.J) GOTOD 7

D0 8 I=J»N

H s Al(Js])

A(Js1) & A(K,T)

A(K,I) = H

DD 1 I=1,#

H = B(JyI)

B(4:1) = BIK» 1)

B(KsI) = H

D0 9 Isl,N

IF(1.EQ.J) GOTO 9

H e A(I53)740J05J)

DO 10 KeJyN

ACI»KY = ALI»K)=-A(JsK)*H
DO 2 K=sl,M

BlI,K) = BII,K)=H*8(J,K)
CONTINUE

H s 1.7A0J45J)

B s s e

Y7

O
mﬁb
L5
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DO 11 Is=sJ,N
Al{Jsl) » A(Jr1)2*H
DO 12 Is=l,M
B(J>1) = B(Js1)*H
CONTINUE

RETURN

END

SUBROUTINE CDCL(MCOCL,JRyISTIFT)

DIMENSION XMK(2)

COMMON CW(552514)»SA(552514)5SU(552,14),CLP(14),CDP(14),PGI36),
#PUFF{14),GAPS(677),IGAP(6),GAP(382),PGI(70),YMK(2)

COMMON/PRAL/DLT,DLTU,ALN)ALV(14) s NALSITP,NAMP(12),CML(14)»CRL{14)

1 SCPV(2)sALTX(452)sDARF,ITITI,ITIT2
COMMON /LINING/BROKL(12)sNLINE(S)sNPAR(5),J

LOGICAL PL,TRUE
EXTERNAL TRUE
KA=2
IF(MCDCL.GE.2)GD TO 2
ALMINeQ,
ALMAX=O,
CHMMIN=O,
CMMAX=Q,
CLMAX=O,
CLMIN=OQ,
CDMIN=]1,
CDLIM=1,

IF(PUFF(4).NE.O.)COLIMu,012PUFF(4)

KAm]l

D0 1& KsKA»2

D0 12 Jel,JR

IPL=0

D0 10 1=1,NAL
SAl1sSA(J,1,1)
SA2=SA(Js2s1)
IF(SA1+SA2.6T..65) GO 710 10
CALL VISCUI»JsCL»CDs)CMV)
IF(CD.GT.CDOLIM)GO TO 10
ALI=sALV{I)=ALN
IF(K.GT.XA)GO TO 8
CLMAXsAMAXI(CLMAXSCL)
CLMINSsAMINL(CLMINsCLs=4.oCHV)
IF(ALMAX . LTLALI)ALMAX=ALI
IF(ALMINSGTLALI)ALMIN=ALI
IF(CMMIN,GT.CMVICMMINeCHY
IF(CHMAX LT.CMV)CMMAX=CHY
COMIN=AMINI(CDMIN,CD)
IF(K,EQ.1)G0 TO 10
IPL=IPL+]
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CLP({IPL)=CL

cCoP(IPL)=CD

PG(IPL)m=& ,*CNYV

PGI(IPL)aCDAX+,0005%ALl
PGI(IPL+14)alDAX=,01%SA1+,01
PGI(IPL+28)sCDAX=,01%5A2+,01 :
PGI(IPL+42)oCDAX=,01*5U(Js151)+,01
PGI(IPL+56)aCDAX=c01%SU(J,251)¢.01

CONTINUE

IFIK.LT.2)GD TO 12

CALL POLZUG(ISTIFT,CDPsCLP,IPLs.FALSE.» TRUE)
DO 11 KCel,5

LOC=l+l&*{KC=1)

CALL POLZUG{ISTIFT,PGICLOC)sCLPsIPLsFALSE.,»TRUE)
CALL POLZUGUISTIFT,;PGIsPGyIPLsFALSE.»TRUE)
CONTINUE

IF(K.GE.2)G0 TO 16
CLMIsAMINI{PUFF(1)sCLHMIN=,3)

COHle=0,
IF{COMINS.GT.+01)CDHISRUND(CDMIN,200,)=-,005
CDAX=CDMI+.025

CDANSCDM]I-, 003
CLMAAMAX1(2.4,PUFF({2),CLMAX®,3)
CDQsCDAX+,013

SCFBIQ

QUER=10000.*SCF*{CDO=CDAN)
HOCH=100.*SCFs{CLHA=-CLHI)

CALL DEFINE(PL,QUER, HOCHs CDAN,CDQ,CLMI,CLMA)
CONTINUE

IF(MCDCL.EQ.1.OR HCOCL.GE-3IRETURN
CLMAX=RUND(CLMAX4,065,10.)

CDQ=CDQ-,003

CTleCDMI-,. 0002

CT2sCDMI-.0005

CALL ACHS(2,CDMIZCT1oCT2oCLMINSCLMAXPo1ls 55 TRUE)
XMK(1)=sCDMI+,0005

XMK(2)=CDM]I+.004

DO 13 J=1,JR

YMK(1)=CLMAX~,10%FLOAT(J)

YMK(2)sYHK(1)

CALL POLZUG({ISTIFT)XMK,yYMK»2, +FALSE.» TRUE)
CALL ACHS(1906s=e02,=-.0%5,CDMI»CDQ».001».005%5,TRUE)
CT1lsCDAX+,0002

CT2aCDAX+,0005

CALL ACHS(2,CDAX,»CT1,CT2,CLMINSCLMAX»o1s 45, TRUE)
CT1=sCDAX-,0002

CT2«CDAX~-,.0005

CT3n=4 ,*CMMIN

CTha=4 ,*CMNAX
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CALL ACHS(25CDAX,CT1sCT2,CT45CT3542244»TRUE)

CTlaCDAX+,0005%(ALMIN=-2,)

COQ=sCODAX+.0005%( ALMAX+],)

CALL ACHS(15045.025.05,CT15CDQ,.00055,.0025,TRUE)

CALL GCLOSE

RETURN

END

SUBROUTINE VISC(I,JsCL,CD,CM)

COMMON CW(592514)5sSA(552514)55U(552514)

COMMON/PRAL/DLT,»DLTU»ALNsALV{14)»NAL,ITP,NAMP(12),CMHL{14)CRL(14)
1 »CPV(2),ALTX(45,2)»DARF,ITITL,ITIT2

ALRC=ALV(I])

D1sAMAX1(ALRC=ALN+DLT50.)

D2sAMINL{(ALRC~-ALN-DLTU» 0.}

SAleSA(J,1, 1)

SA2=SA(Js2,1)

DCL=,5*(D1*5SA1+D2%SA2)

Cle.ll*(ALRC=DCL)

COsABS(CW(Js1,1))+ABS(CH(JIy2,1))

CHeCML{I)+.0275¢DCL*(ABS(1.~-SA1-SA2)**],5)

RETURN

END

SUBROUTINE GRP(NAXsRE»MUp JRyISTIFT)

COMMON CW(552514),5A(5,2514),5U(552514)sHP(32)sRP(32),PUFF(14),
CAGAM(14),X(121),Y(121)505(122),GAP(299), IDU,KDUsNQ»LDU(3),
*GAPS(383),WRE(S)»H(5),D2(5),CAD(5),SAR(S)I»SUR(S),CWO(5),DD(S5),
*CMV(5)sCPTR(S5),BBL(S)»CO(S5),LD(5)LR(5)

COMMON/BL/HVGL,D21,URs UKL, DSZsWRy MToMAsVsV1I»HRHD2R, XA»XU»DCQsUSTR
8YSTR

COMHON/PRAL/DLTsOLTUSALNSALV(14) ) NALSITP,NAMP(12),CMLI14),CRL(14)
1 sCPV(2),ALTX(452)DARF,ITITILITIT2

COMMON/EAZILES,» IDRU, ISTASNNESE

COMMON/TRIT/DLV,SUMP,XTRI( &), NUsND

DIRENSION RE(S), MULS5),SFTX(2),02TX(3)

LOGICAL TRUE,PL

EXTERNAL TRUE

DATA RETX»STXT/3HR =,2H S/»SFTX/SHUPPER, SHLOWER/

DATA D2TX/7H DELTA2, THRDELTA2,7H DELTAY/,HTX/3HH32/

DATA KBL)KST/1H »1H*/oHBBL,B8BLI/~1.65,03/

HA=0

VeQ.

V1s0,.

KDTXoINT(AGAR{6))~-1

HAGoINT(AGAM{B))

NKReNQ=1

HABLC = 2,5

D0 2 J=1,JR

H(J)=1l,

LR(JISINT(RE(J)I®1,.E-3)

»
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2 MRE(J)= SQRT{(RE(J))
NALA =
NALE o IABS(NAX)
IF(NAX@LT.O) NALA = N‘LE
DO 38 IA » NALA, NALE
IF(MAG.EQ.0.OR.IA,NE.1)GO TO 3
PLaISTIFT.GE.S
CALL DEFINE(PL’315-’2000110*3!1085’o~’~0‘,
CALL ACHS(49)1446,1045751.62910.2100004510451.2TRUE)
CALL ACHS(19109e969492,1046514620.01»,05,TRUE)
CALL ACHS(452.,6651465751482510.510000.510.51.»TRUE)
CALL ACHS(19105696509251.6601.82».015.05,TRUE)
FKT'I-/‘LDG‘IO.)
HP{1)r1.51509
HP{2)21.51509
HP(3)o 1,62
RP(1)=1,
RP(2)82,6656 ’
RP(3)=3,50139 '
CALL POLZIUG(1oHPRPy 3, . TRUE.» TRUE)
D0 5 [Pe),3
5 HP(IP)wHP(IP)e,2
CALL POLZUG(1,HPsRPs 35 .TRUE., TRUE)}
3 DD 38 JU =1,2
I1p=0
ND = 2%)y -3
NDSD=JU=ITP
NENDsl+NKR*(JU=1)
DO & Ksl,NKR
IF(VPR(K)IA‘-LEnO.)GO TD 7
& CONTINUE
T NUaK4JU=2
IF(ABS(VPR(NU»TIA)}) el Te.1)NUsNU&ND
NUNDSD = NU = NDSD
OSR=DS (NUNDSD)*VPRINU»IA)/(VPR(NU>IA)=VPR{NU=ND,IA))
S=0.
UK=0Q,
DO 12 J=1,JR
12 BBL(J)=0, :
IF(KDTX.LE.0) GO TO 26 S
& IZT=N2PZ(2=-NDyIABS (NU=NEND)¢2) (-
12P=127 )
IF(IZT.NE+NNESE)GD TO 10 {
ALWR=ALV(TIA)=DARFE®ALN
WRITEC(IDRUSB)IZToNAMPsALWRY (ALTX(JsITIT2)rJolsé)
8 FORMAT (A1, 25HBOUNDARY LAYER AIRFOIL ,12A1,10H ALPHA »,F6,2»
*24H DEGREES RELATIVE TCO THEs»&A&)
1ZT=N2PZ(1,0)
10 WRITE (IDRUs14) IZToSFTX(JUI»(RETXSLR{J)»HU(J)pJIml,yJR)

—p— - —y————
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FORMAT (Al,1XsA5,8H SURFACE,3X,5(4X,A3,16,8H000 MU «,12))
IF(IZP.NE.NNESE)GD TO 26

I1ZTeNZPZ2(1,0)

KRITE (IDRU»22) IZTo(JsHTX»02TX(KDTX)sJ=1l, JR)

FORMAT (Al,6Xs1HS»8X,2HU »5(4X»I1s4X,A3,4X,A7))

GD TO0 26

NUNDSD = NU - NDSD

DSR = DSINUNDSD)

UK1eABS(VPR(NU,14))

S = S ¢+ DSR

00 27 Jsl,J4R

DSZ e DSR

UR = UK

HVGLe=H{J)

MTanU(J)

D21sD2(J)

WRaWRE(J)

CALL GRS

0D{J) « D2R
IF(KDTXeEQs2)DD(J)nUKLISRE(J)I*D2R*]1,E~b
IF{KDTX.NE.3)GO TO 28
CALL H12B(HR,H1l2R,QTS)
DD(J)=D2R*H]12R
IF{UK.NE.0,.,)GO TO 30
SAR(J)'OQ

SUR(J)=0,

SAR(J)e SAR(J)+XA
IF(HVGL*HR.GE.0.)GO TO 33
UTRaUK+(UK1-UK)*XU/DSR
CPTR{J)=1l.,~UTR*UTR
HVGLe=1.51509

SUR(J3= SUR(J)I+XU
IF(HVGL.GT,HBBL.AND.,HR,LE.HBBL) BBL{J)=S=-SUR(J)=(DSR=-XU)

*# (HBBL=HR) /({HVGL=HR]}

H(J)eHR

D2(J)eD2R

IF(HAG.LE.0)GO TO 31

IF(ABS (H(MAG)).GT.1.62160 TO 31
RPLeFKT#ALOG(UKI#RE(MAG)SD2(MAG))
IF(RPL.LT.14+0R.RPL.GT.4.)60 TO 31
IP=IP+1

RP(IP)eRPL
HP(IP)eABS(H(MAG)) ¢, 2¢FLOAT(JU=1)
IF(IP.LT.32)60 TO 31

CALL POLZUG(1sHP,RPy TP, TRUE.» TRUE)
Ipel

GC TO 29

IF(KDTX.LE.O) GO TO 35
1ZToNZPZ(150)
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HRITE(IDRU;SZ)IZT:S!UKI:(H(K!pDD(K):K-I’JR)
FORMAT (A15F9.5,F8.3,5(F13.45F10.06))
IF({NU=NEND) 34, 36,34

UK = UK]

NU = NU #ND

G0 TO 24 :
IF(IP.GE.2)CALL POLZUG(1,HPsRPsIP»TRUE.»TRUE)
IF(KDTX.NE.3)60 TO 37

I2T=NZPZ2(1,0)
WRITE(IDRU»39)IZT,(KBLsCPTR(K)pKealsJR)

FORMAT (Al»17X»5(A1l,5X,11HCPITRANS) =5F6.2))
DO 38 JolsJR

CALL H12B(H(J)»H12R,QTS)

IFtH12R.GT HABLC)IH12R o HABLC

IF(H(J) eLTe0o«AND.BBL(J).EQ.0.) BeL(J)=SURIJ)
BBFe2,

IF(BBL(J).GT.BBLI) BBFe=2,
CWlJdsJUsIA)m{UKLS®(2,54.5*H12R))*D2(J)*BBF
SA(J,JUsIA)s S = SAR(J)

SUCJ2JUsIA)e S = SUR(J)

1=0

ITZeNZIPZ(2s4%{NALE=NALA4]1)+2)
IF(ITZ.NE<NNESE.AND.NAX.LT.,0)GO TD 486
WRITE(IDRU»46)ITZoNAMP, (ALTX(JsITIT2)sJe1s4)sALN
FORMAT (Als 18HSUMMARY. AIRFOIL »12A1,3X,

*31HANGLE CF ATTACK RELATIVE TC THE»4A4r3X»
$BHALPHAO opF5.29 BH DEGREES)

IT2eNZPZ(1,0)

WRITE(IDRU,47)ITZ,8BLI

FORMAT (A1p38H ® INDICATES BUBBLE ANALOG LONGER THANSF5.3)
ITZoN2PZ(2,0)

WRITECIDRU,49)ITZ, (RETXSLR(J),MUCIDIpJelsJR)
FORMAT (Al»5X»5(5X»A3,165,10H000 MU =,12))
IF(I.NE.O) GOTD %51

DO 60 IsNALAsNALE

ITZeNZP2(2,4)

IF(ITZ.EQ.NNESEIGD TO 4&
ALWR=ALV{I)=DARF#ALN

WRITE (IDRU,50) ITZ,sALWR

FORMAT (A1,8H ALPHA =,F6.2,8H DEGREES)
ITZ=sNZPZ(1,0)

WRITE (IDRU,101) ITZs(J5STXTsJdelsJR)

FORMAT (Al,4X>5(I5,A25%H TURB,3X, 5SHS SEP,4&X»2HCD))
DD 52 K=1,2

DO 53 J=1,JR

CWPMeCW(JsKsI)

LD(J)=KBL

IF(CWPMeLTo0s) LD(J)=KST

CD(J)=ABS{CWPM)
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ITZI=NZPZ(1,0)

WRITEC(IDRU»S4IITZoSFTX(K)» (SULJsKrI)sSACJIpKsT)aCD{I)sLlD(J)sInl)rJR)

FORMAT (Als2XsA59FQ.4sFB8.49FT7:045A154(Fl0.4,FB.4sFT7445A1))

DO 56 J = 1,JR

CALL VISC(I»JrCAD(J)sCWO(J),CHVIJ))
1TZaNZP2(150)

WRITE (IDRU,58) .ITZ, (KBLsCAD(J)»CWD(J)sdel,JIR)

FORMAT (Al,6H TOTALsAls3X,4HCL ®pF6.3s5H CD osFb.4»
24(ALs 4N 4HCL @9F6.3,5H CD ®,Fb.4)) :

IT2ZeNZPZ(1,0)

WRITE (IDRUS102) ITZ,(KBLsCMVIJ)eJ=1l,JR)
FORMAT (Al,S5(AlslaXs4aHCM o,F7.4))
CONTINUE

IF(NALE.EQ.NAL.AND.MAG.NE.O)CALL GCLOSE
RETURN

END

SUBROUTINE UMP(U»sD2sHsFUM)

COMRON P(512),X(121),Y(121)
COMMON/TRIT/OLVySUMP,XTRI(4&),NU,ND
COMHMON/BL/DUM(S) sWRE» MsMD,DU(T7),US,0UNY
FUM=-18,.4

IF(H.LE.O0)GO TO 9

IF(M.GE.3)G0 TO 4

MXTs28M=1+(ND+1) /2

NaNU=ND

FURHaX(N)+SUHP*(X(NU)=X{N))/DLV =XTRI(MXT)
60 TO 9
FUH2ALOG(WRESYHRESD2%U)+21.744,36*%FLOAT(MN=3)~18,4%H
RETURN -
END

SUBROUTINE CDCF{ RETsHsCDsCFyH12)

COMMON /GRIK/CDKsAA(T)s88(7)

CALL H12B(HpH12,EPST)

IF(N)1s 3,2

RZ o ALOG((H12=-1,)%RET)

CD o COK2EXP({=,166692%R2)

CF & ,0485716%EXP(=1.26%H12 —,232%R2)

G0 TO 3

CD o ((H*6.,8377961~= 20.521103)%H + 15,707952)/RET
CF o EPST/RET

RETURN

END

SUBROUTINE GRUP{H,D2,Us25D2,002,V)

COMMON /GRZK/CDK,AA(T),8B8(T)
COHMON/BL/OUM(4) sOLs WRESHDsMA DU T)»US,DUNY
Z = D2%ABS (M)

RET o WRESWRE®U®D2

CALL COCF( RETsHsCDyCFyHL2)

IF(HA) 1,152
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[

vV o 0.

GO TO 13

GD TO(13,135139656955553),MA

IF(H)4,)1)5]

V = 25,¢6(H+1,98)¢D2¢US

GO0 TOD 12

IF(H)6515)

6 B = BBIHA)

PSI = AA(MA)
IF(BeNE.O.)PSIaB*ALOGIRET)+PS]
IF(PSTeGEelo52.AND.PSTI.LE.1.99)G0 TO 11
8=0,
IF(PSIWLT.1452)PS1Is)1,.52
1F(PSI.G?.1.99)PSI-1.99

11 HZ » SIGN(PSI»H}
CALL CDCFI( RET,HZ,COS»CFSoH12S)
V°(U‘(CDS-(PSI+B"CFS)*OZ*US{(B-PSI#HlZ‘(B#PSI))’I(BOABS(H)-I.)

12 IF{V)13,1,1

13 VvOU sv/U

srWnN

A%

Usu suUS/U
DD2 = (CF=(2,+H12)*USU*D2+VDU)*DL a
DI s (CD = 3,%Z%USU + VDU)=*DL
14 RETURN
END

SUBROUTINE H12B(H,HM12,EPST)
IF(H)Y4s5 51
1 IF(H=-1.57258)2,353
2 H12 a(SORT{MH=1.515090))2((~227.18220*H+724.55916)*H=-583,60182)
144,0292200
EPSTa ({(=-,031728506550H12¢,.3915405523)%H12-1,686094798)%H12
1+2.512588652
GO T0 5
3 EPST & (H®2,221687229-4,.226252829)%H+1,372390703
H12 » (25.715785764%H=089,58214201)¢H + T79,87084472
60 YO S
4 H12 = (H=1,36364)/7(H84,36364 ¢+ 5,36304)
5 RETURN
END
SUBROUTINE GRS
COHHONIBLIHVGL)DZ:UK;UKIDDL’HRE)HU:HA:V’Vl)HRpDZR:XA}XU:DCODUSTR:
*VSTR
COMMON/TRIT/DLVsSUNP,XTRI(4&)5NU,ND
DATA EAP,EUM,HE/.000005,.0001,-1.0/
8ITes0,
HsHVGL
IF(MA)3,101,3
101 vl = O,
vV = 0.
IF(HE.LE.O+s DR UK.LE.OL,)}GD TO 3
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IF(AGS(UK-UKV)+ABS(UKI-UKlVl#ABS(DL-DLV)+ABS(H-HV)—.IE—6)2’3,3
IF(ABS (D28 WRE-D2VSWREV).GEso.1E~-6) GO TO 3

BIT » 1.

D2E = D2ESWREV/WRE

D2vsD2

HV s H

UKVas UK

UK1lV = UK1

oLV = DL

WREV = WRE

pCQ = 0.

XA = DL

XU = DL

Vv = V

IF(DL)&s4)5

HEaH

D2€= D2

G0 7O S50

USTR =(UK1-UK)}/DL
IF(MALLT.4)VSTR o(V1-V)/0L
IF(UK) 6 T» 6
IF((UK1=UK) /UK = 1,1858,7
D2E & ,290043/7{WRE*SQRT(USTR))
HE = 1.619977

GO TO 50

1FLD2)9»9,10

D2E =(.664108/WRE)*SQRT(2.%0L/(UK1+UK))
HE o 1,572584%

G0 TO 50

X = 0o

SUMPaX

ISTAB = O

IF(HOLTQOQ)XU s 0.
IF(BITI13,13,11

CALL UMP(UK»D2sH»FUR)

GO TO 40

1F(X +0L -DLV)I12,12,19

XS = X

UK = UKV ¢+ XS*USTR

VGs VV ¢+ VSTR=XS
IF(HI1es14,10

HAP = 1,46

IF(HAP+EAP +H)20,20,15

XA = X

CALL H12B(MH,H12,EPST)

D2E ® D2%(UK/UK1)1*#((5.4H12)%,5)
HE » H

G0 TO 50

HAP = 1.,515098
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SuMpsX

IF(HAP+EAP-H)17,18,18

CALL UMP(UK»DZ2sHsFUM)
IF(FUMSEUNM)20,18,18

H a =H

XU o X

ISTAB « O

DL = DLV - X

G0 70 12

CALL GRUP(H»D25UKsZsDZ»DD2,V6)
€SP = ,002

IF(MA=-3)22,22521

ESP ¢ ,L,001

IF(X +EQsDA)V = ']

XS ¢« X$ ¢+ ,5¢0L

DeM = 02 ¢+ .52DD2

I = 2 + ,5¢D2

UR & UKV +USTR*XS

156 = ]

IF(D2M) 25,25, 23

ISG = 2

KM o ZM/D2M

IF(HM = 2.)30,25,29%

ISGV =« 1IS6

IF(ISTAB=G)26,49,49

ISTAB = [STAB ¢l

DL = .%%DL

60 70 13

IF(HE = HAP+EAP)31,32,32

DL o B5%*DL*(ABS(H)=HAP)}Y/(ABS(H)=HM)
60 YO0 13

IF(H.LT.O.)HH L] -H"
IF(MALLT.4)VMs VVe XSSVSTR
CALL GRUP(HHB,D2M,UMs ZM,DZM,DD2M, VK)
ISG = 3

D2E s 02 +DD2M

IF(D2E)255 25,33

HEs (2+4DZM)Y/D2E

1S6 = &

IF({HE~2.)345,25525

HOIFF o HE~ABS{H)

1SG = §
IF(ABS(HDIFF)=,01)35,35,25

HS = ABS(ABS(H)=2.*ABS{HM)+HE)
ISG » &

IF(HS=ESP)36536,25%
IF(HE=-HAP+EAP)37,38,38

DL = DL*(ABS(H)}=~HAP) /(ABS(H)=HE)
60 T0O 13
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[a N ]

APPENDIX

38 IF(H)395,39,40
39 ME = =HE
GO TO 42
40 UE = UK ¢ USTR=*DL
SUMPsX+DL
CALL UMP(UE,D2E» HE,FUMHE)
IF(FUME=EUM)42,42,541
41 DL = DL*FUM/{FUM=FUME)
60 7O 13
42 DCQ = DCQ + DOL*VH
X = X ¢ DL
IF(X =DLV})4&47,50,50
47T H s HE
02 = D2E
GO TD(43,13543,45,13,43),186V -
43 IF{HS=,1%ESPI44,13,13
44 DL = 2,%0L
ISTAB =1STAB-1
GO TO 13
45 IF(HOIFF)445,13,13
49 STP s 1/(ISTAB=9)
50 HR = HE
D2R = D2F
RETURN
END
FUNCTION RUND(A,B)
RUND = (AINT(A®B*SIGN(.%,A))) /B
RETURN
END
FUNCTION COSG(A)
CO0SG = COS(A*,0174532925199)
RETURN
ERD
FUNCTION SING(A)
SING = SIN(A®,0174%532925199)
RETURN
END ‘
FUNCTION CSLG(A,B)
CSLG = ALOG(ABS(SING(A=-B)))
RETURN
END
SUBROUTINE ORAW(WC,US»WLy)DKsDOMyFLsAGsMA)
CALL DRAU(HC;HS;HL’DRAK(J)pDRAH(J)9FLA(J);ABGR’HKP)
WHEN MKP © 0, DK = KAPPA; OTHERWISE, DK = K,
COSP « COSGLAG*FL)
FKe DK
IF(MA)2,152
1 FKo FK#(1,-COSP)st1.+C0OSP)
2 SINP = SING{AG*FL)
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WL e =DM*ALOG(1l, ¢FK)
IF(FL.ECL0,.) FK » l.
BETA =(COSP-1,)/FK + COSP
BOM) =~ BETA®%2 -~ 1,
WUBEOs SQRT(ABS(BQM1))
Us {1.+BETA)*SINP/(1,.,+COSP)
IF(BANM1)3, 5,4
3 WF = ALOG(ABS((WUBEQeU)/{WUBEQ=U}))
GO T0 6
¢ WF = 2,% ATAN{U/WUBEQ)
G0 70 6
5 WHF e 0,
5 WC a(WUBEQ®WF = SINP ~ BETA*FL2AGS1,745329E~2)¢DH
W3 o (COSP=1,)2(1.=(1c./FK + 1.)%ALOG(Ll.+FK))*DM
RETURN
END
SUBROUTINE TRAPROD
DIMENSION FLS(2)sFLA(2),DRAK(2),DRANMI2),AC(4»3),0(3),
INST(2) s WCII2)sFINTI3)A(&) HK(2),R(3)}»FKERN(30)
COMMON/ZEAZILES»IDRU» ISTASNNESE
COMMON/PRAL/DLT,»DLTUSALNSALVIY4)pNAL>ITP,NAMP(12)»CML(L4&)»CRL{LA)
1 »CPV(2)sALTX (49 2),DARF,ITIT1,ITIT2
COMMON P1(121),P(121),sXP(121)5YP(121),PUFFL14&),AGAMIL4)»X(221)>
1Y0121),DS(122)sVF(121),ARG(123)ANI(28)»ALFR(29),12ZsKFU)NQyNUPRD)
2 A85JSTsCHeETA,ABFA, PI,BOGEN, DARG,PURES(13)»GAP(450),ALFA(29)
DATA ABSZ/0.7
CALL WANDEL(NUPRO,NAMP,1255)
ALFR(JAB+1)50,
ABZT=ANI(JAB)
IF(ABS(ABZT=ABSZ).LT44l) GO TC 14
IB=sINT(.25%A82T+.1)
HQo2¢ 1B
NKR=22%MQ
ABSZasFLOAT(NKR)
ABGR=360,/7/ABS2
HABGR=,5%ABGR
DO 8 M=1,]IB
ARIsFLOAT(MQ+1-2*M)*HABGR
8 FKERN(M)nABGR®COSGLARI)/(SING(AR]I)I*PI)
14 MAGAMeINT(AGAM(3))
NQoNXR¢+1
IF(MAGAM.EQ.0) GO TO 22
NITaNZP2(3,0)
WRITE(IDRU,82)INZT
22 D0 23 ]e1,29
23 ALFA(I)eALFR(I}
Ie=]}
Jel
24 FLS(J)e PURES(I)*ABFA
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CALL DRAW(WC, WSy Wloobs=1asFLS(J)sABGR,1)
CALL DRAW(WCI(J),)NST(JI)sWLIs=e6s=1.pFLS(J),ABGR,1)
WCI(J)e WCI(J)ewC

WSI(J)e WSI(J)4NS

WL = WLI+wWL

FLA(J)e PURES(I+1) * ABFA

IF(FLA(J)) 25,25, 26

DRAK(J)= O

ORAM(J)= 1,

GOTO 34 '

WI = COSG(ABGR*FLA(J))
IF(PURES(I+2)~1,)27, 30,29

ORAK(J)s ,14PURES(1+3)

DRAM(J)s ,1%PURES(I+4)

GOTO 34

DRAK(J)-((.I*PURES(I¢4))“(-IO.IPURES(IO3))-1.)‘(1-+HI)I(1.-HI)

DRAK(J)= RUND(DRAK(J)»1000.)
ORAM(J) = ,1%PURES(I+3)

GO TO 34

AA o ,05#().-W] )*PURES(I+3)
WILN = ALDG( 1*PURES({]I+4))

FMIT = .5

MIT =« 0

FM @ =HILN/ALOGCAA/FHIT +1.)
MITaMITel
IF{ABS(FHM~FMIT)-1.E-6) 33,32,32
FMIT = FM

GO Ta 31

ORAM{J) = RUND(F¥N»1000.)

ORAS = O05®PURES(I+3)®(KWI+1.)/FM
DRAK(J) = RUND(DRAS,1000.)

Ic 145

J= Js)

IF(J-3)24,38,38

MER = 0

WSI(2)s -WSI(2)

D(1) = WLI ®(WSI(2)¢WSI(1))
D(2) »=WLI *(WCI{2)+WCI(1))
D(3) « WCIC1)*WSI(2)=WCI(2)*WSTI(1)
ITMODSINT(PURES(11))

RUFe100,
IF(ITMOD.GE. 4. AND.ITMOD.LE.6)RUF=1000,
ITMR=ITMOD

SHKS = ,1#%#PURES(12)
HKST=,1*ABS(PURES(13))

00 36 Jel,3

AC(1,J)s 0,

ALIV o 0O,

SINAT s 0.
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CQOSAI = 1.
FNI = O,
J=1

37 CSAIP m» COSG(2.%ALFA(J))
SNAIP o SING(2.*%ALFA(J))
IF(J=JST=-1)40,39,40

39 AC(2,1)= SINAIL
AC(252) ~1.,=-COSAlI
AC(2,3)e =],
AC(3,1)s -SNAIP
AC(3,2)= 1,+CSAIP
AC(353)s ],
ACl4p)l)s COSAI-CSAIP
AC(4,2)o SINAI-SNAIP
AC(4r3)a O,
ALIS = ALIYV
ALISP o ALFALJ)
GOTOD &1

40 FI1 = CSLGI{HABGR®FNI=90,5AL1IV)
FIIP» CSLG({HABGRSFNI=90.5ALFALJ))
PRaFNI*HABGR*BOGEN
AC{1,1)m=FIIP*SNAIP+FII*SINAI+(COSAI-CSAIP)*PE +AC(1,1)
AC(1,2)e=FII*(1.4COSAT)+FIIPS(1.4CSAIPI+(SINAI=SNAIP)*PB+AC(]1,2)
AC(1s3)e FIIP = FI1 + AC(153)

41 IF(J=JAB=1)42,43,43

42 ALIV osaAlLFA(J)
SINAI>SNALIP
COSAIoCSAIP
FNI = ARIC(S)
Je el
GO T0 37

43 DO 47 J=1,2
IF(FLA(J)) &T7»4T7,49

49 CALL DRAW(NWCsWSsWLoDRAK(J)DRAM(JI)FLA(JS))ABGR,0)
AC(1,1)= WCe AC(1,1)
IF(J=2)45,404,45

44 WS w =4S
WL o= WL

45 AC(1,2) = WS +AC(),2)
AC(1,3) =s=WL +AC(1,3)

47 CONTINUE
D0 52 Jwl,é
A(J) = Q.
00 52 I=1,3

52 A(J) = A(J)+D(I)*AC(J»]I)

C SOLUTION OF TRANSCENDENTAL EQUATION

53 I=0
FV = 9,E9
PHISH = 5 ®*(ALIS+ALISP)

1lle
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60 CSLI « CSLG(PHISHsALLIS)
CSLIPs CSLGI(PHISHsALISP)
FPuA(1)+A(2)%CSLI+A(3)*CSLIP+A(4)SBOGEN*(90,+PHISH)
IF(I.GE.20) GO TO 66
IF(ABS(FP)-ABS(FV).LT.~-.5E-9) 60 TO 62
I=20
PHISH = PHISH = PDIF
GO TO 60
62 PDIF & =FP / (A(2)/(PHISH=ALIS) + A(3)/(PHISH-ALISP))
1 = I+1
65 FVsFp
PHISH = PHISH + POIF
IF(PHISH LT ALIS cAND.PHISH.GT.ALISP) GO TO 60
WRITE(IDRU,64)IMER, ITMOD
64 FORMAT (66HOTRANSCENDENTAL EQUATION MAS DIVERGED. CHECK TRA1l AND
*TRA2 CARDS.»12H ITERATIONsI2,8H MODE ,I1}
STOP
66 ANI(JST) = (PHISH+90,)/HABGR
70 00 71 I=1,3
71 FINT(I)=AC(1,I)+AC(2,1)%CSLI+AC(3,I)*CSLIP+AC(4sI)*BOGENS(PHISH+
F90.)
69 HK(1)e(FINT(1)*WLI=-FINT(3)*WC1(2))/D(2)
HK(2)es (FINT(1)*WLI4FINT{3)*%CI(1))}/D(2)
HKS o HK(1)+HK(2)
IF(ITMODEQe O DR <ABS{HKS=SHKS ) 4LT . HKST) GO TO 74
IF(MAGAM.LT<2.AND.MAGAM=-MER.NE.1) GO TO 100
GO TO 76
74 1TMOD =0
IF(MAGAM.EQ.O0) GO TO 300
76 NIT=NIPZ(2,JAB+4)
WRITE(IDRUSs77INZT,NUPRC,»MER, ITMR
77 FORMAT (A1,%2HTRANSCENDENTAL EQUATION RESULTS AIRFOIL 14,
*12H ITERATION»12,8H MODE »I1)
NZTsNZPZ(1,0)
WRITE(IDRU, 78INZT
78 FORMAT (Al,69H NU ALPHA®* (OMEGA' OMEGA K MU K H
» LAMBDA LAMBDA®)
JHe 1
00 85 JNel,JAB
79 NIT=NIPZ(1,0)
IF(IN.NEL1.AND.JN,NEL.JAB) GO TD 83
X1 = ,5%(1.+ COSG(FLA(JH)®ABGR))
WHK & (1.,+DRAK(JH)*(l.=X1)/X1)8®(=DRAM(JH))
WSTRe ORAM(JH)SDRAK(JH}/X]
HRITE(IDRUSB82INZT,ANI(IN)IsALFA(IN) »WSTRIWHK)DRAK(JH) )DRAMEJH) pHK (J
1H)SFLA(JH)»FLS(JH)
82 FUQHAT (Al)FboZ) FB.Z;FB.3;F7. 3)3F°03’F80 2) F7021
JH=2
GO TO 85

117



118

APPENDIX

83 WRITECIDRU»B2INITsANI(JIN)2ALFALJN])
85 CONTINUE
IF(ITHMOD.EQ.O0) GO TD 300
100 IF(MER)103,1025103
102 DAL = .1
. GO TO 104
103 IF{HKS=-HKSV.EQ.0.)G0 TO 74
DAL = (SHEKS=HKS)®DAL 7 (HKS=HKSV)
DALDaDAL
IF(ITP.EQ.0)DAL=RUND (DAL, RUF)
IF(MAGAM.EQ.0,)60 TD 1004
NITeNZPZ(2,50)
WRITE(IDRU» 1003)NZT,MER, HKS»>DALD, DAL
1003 FORMAT (Al,10H ITERATION,1253XsSHK § syF9,653Xy THDELTA =,F12.8,»
*3X, GHROUNDED syF6.2)
1004 IF{DAL.EQ.0,)60 TO 76
IF(MER.GE.3.AND,ABS(DALV) LE.ABS(DAL))IGD TO 74
104 DALVeDAL
IF(ITA0D.GE-%)1G0 TO 113
DO 111 Js=sljyJaB
IF(ITMOD.NE.2.AND.J.LE.JST) ALFA(JInALFA(J)+DAL
IF({ITMODNEo1cANDoJoGToJST) ALFA{J)aALFA(J)=DAL
11) CONTINUE
GO TO 112
113 IF(ITMOD.GE.7)GO TO 114
IF(ITMOD.NE.SIDRAK(1)eDRAK(1)+DAL
IF{ITHOD.NE.&4)DRAK(2)=DRAK(2)+DAL
G0 70 112
116 IF(ITMOD.NE.B)ALFA{JIST)sALFA(JST)I+DAL
TF(ITMOD.NE.7)ALFA{JST+1)cALFA(JST+1)-DAL
112 HXSVoHKS
MER oMERel
GOTO 35
300 AKs 5% (COSG(PHISH=ALFA(JST#1))/SING(PHISH=-ALFA(JST+1))
1 «COSG(PHISH=ALFA(JIST)) /SING(PHISH-ALFA(JST)))
AKP sAK®180./9.869604¢%
PHIM = 0.
NU=]
Is 1
ANU =0,
JH=0
Vis 0.
302 JH=JH+})
FFl o CDSG(ABGR*FLA(JH))
FF2 o DRAK(JH)/(1.¢FF1)
FGl o COSG(ABGR*FLS{JH))
FG3 = ,6/71FGl-1.)
304 VIie VI = CSLG(PHIM=90.» ALFA(I))
GO TC 310
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310
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320
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ARGN = ANU

IF(ANU.GT.+5% ABSZ)ARGN= ABSZ - ANU
CSP » COSG(ARGN*ABGR)

Fe«Q.

IF(ARGN LT FLA(JK)IIFeDRAMI JH) sALOGI(CSP-FF1)%FF2+1.)
G=0.
IF(ARGNLTFLS(JIH)IGo=HK(JH)BALOG(1l.=((CSP=-FG1)*FG3)**2)
P(NU)s F+G+CSLG({ANUSHABGR=90.,ALFA(I)) + VI
PLINU)sP(NU)=AK*ABS(SING((ANUSHABGR <~ 90.) = PHISH})
NU = NU + 1

ANU= ANU+ 1,

IFTANU-ANI(1))306,3C6,5312

IF(ANU=~ ABSZ)314,320,320

PHIM = ANI(I)*HABGR -
VIsVI+CSLG(PHIM=90,., ALFALI))

I = I+1

IF(I-1-JST)304,302,304

PS=0,

B2=0.

DO 324 Is1,NKR

PSaPS+P(])

Bl = 2%(I~1)

B2 =« B2 + SING(BI®ABGR)*P(1)

V1 = 2.%EXP(PS/ABSZ)

SXI = ,00000000

SY=0,.

D0328 N=1,NQ

Qe0,

00326 M=), 1B

MN = N ¢+ 1 + MQ -~ 2%M

HM s 28N = MN

IF(HNLGT.NKR) MN = MN = NKR

IF(MM.LT.1l) MM = MM ¢ NKR

Q = Q+ FKERN(M)I®(PL{MN)-PL1{MM))

ANUs N-1

IP = ANU*HABGR = 90.

IL « COSG(ZP = PHISH)

IL = ABS((1l.=2L)/(1.+ZL))
IF(ZL.NE.O,)ZL®wALDG(ZL) .
ARG(N) s O = AKP*SING(ZP-PHISH)*ZL + ZP
VE(N) « V1#EXP(=P(N))

WV = COSG(ZP)/VF(NR)

XP(N)=s WNVSSING(ARG(N})
YP(N)es=WV*COSG(ARG(N))

SXI= SXI¢ XP(N)

SY = SY + YP(N)

$X = SXI

XPK = SX/(ABSZ -~ 1.)

YPK = SY/(ABSZ -1.)
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DO 329 N=2,NKR
XP{N)sXP{N)=XPK
329 YP{N)sYP{N)=YPK
CALL CINT(XPoXsNQAsI22)
CALL CINT(YP,YsNQ»I122)
RQV "00
00 330 N=2,NKR
ROsXIN)®EX{N)+Y(N)*Y(N)
IF(RQ.GT.RQV)LeN
330 RQV = RQ
D0 327 1 s 1,3
IEPPL » L=2¢l
327 R{I)eSORT(X(IEPPL)I*X(IEPPL)I+Y(IEPPLI*Y(IEPPL))
333 TAU = (R{23)=R(1)}/(4.%(R(2)+R(2)}=R(1}=-R(3)))
XNAS = X{L)+TAUR{X(L41)=X(L=1)42,*#TAUS(X(L+Y1)eX(L=1)=X(L)=X{L}))
YNAS = Y(L)+TAUS(Y{L+1)=Y(L=1)+42,2TAUS(Y(L+1)+Y(L-1)=Y(L)=Y(L)))
SQ & XNAS®#XNAS + YNAS®YNAS
ATaXNAS/SQ
Bs YNAS/SQ
STREF = 1, /SORT(5Q)
ETA = ABSZI*STREF/PI
CM =« ,S*ETA*STREF*B2
DARG = 19.098%9 *(3,5YNAS/XNAS = (YNAS/XNAS)®=3)
IF(ABS{SX)+ABS(SY)<LT..0001%ABS2Z) GO YO 335
SXsSTREF*SX*200,
SYesSTREF*SY*200,
NZTeNZPZ2(2,0)
WRITE (IDRU,334) NIT,3X,SY
3364 FORMAT {Als14HWARNING = SX 8pF8.323Xp&HSY 2,F6.3)
335 DO 331 N=2,NQ
XRuX(N)
X(N)s 1.,=B*Y(N)=AT*XR
Y{(N)s BsXR —-AT®Y(N)
ARGIN} = ARG(N) = DARG
WQ = (XP(N)+XPIN=1)=XPK=XPK)*8$2 + (YP(N)¢YP{N=1)=YPK=-YPK)®*2
331 DS(N=1) » STREF*SQRT(WO)I®(1,+.6666667*((XP(N)*YP(N-1)
1-XP(N=1)%YP(N))/WQ)*%2)
NHKW=NQ/12
OLT = Y(NHKW)/(BOGEN®*(1l.,-X{NHKW)))
NEKWwesNCGeNHK 4]
OLTUs=Y(NPKA)/(BOGEN®{ ] =X (NHKW]))
(1) = 1,
332 ARG(1) = ARG(1) - DARG
346 1TPel
ALN=DARG
IF({PURES(13).GE.0.)GOD TO 11
PURES(12)=10,*HKS
PURES(13)s,00001
11 RETURN
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END

SUBROUTINE CINT(P,Z,NQ,122)
DIMENSION P(NQ)» Z(NQ)

FCINT=0.

IF(IZZ.NE.Q) FCINT=,08333333333
1(1)=Q,

PVVeP{NQ-1)

PV=P(]l)

PL=P(2)

DO 10 N=2,NQ
NZ=sN+l1=(NQ=1)*(N/NQ)

PZesP(NZ)
ZI(NI®Z(N=1)+PL4PV+(PL+PV=PZ-PVV)SFCINT
PVVspPVY

PVeP(L

PLePZ

RETURN

END

SUBROUTINE QIP(X,YyA)

DIMENSION X(3),Y(3),A(3)

Cl = (Y(2)=Y(1))/7(X(2)=X{1))
A(3)e(Y(3)=Y{(1)=Clo(X(3)=X(1))DIZ7L(X(3)=X(1))®(X(2)=X(1)))
A(l)=Y(1)=CLleX(L)+A(3)*X({1)®X(2)
A(2)=sCl=A(3)*(X(1)+X(2))

RETURN

END

SUBROUTINE OIA(X,»YsNP,D)
DIMENSION U(3),VI(3)pW(3),2(3),A(3),B(3),X(121)5Y(121)
D = 0.

Xy=X(1)

DO & Ns2,NP

NR = NP=1

XSsX(N)

IF(X(NR)=XS)3,252

NR = NR -}

GO T0 1

IF(NR-N.LE.3)G0 TQO 5

DNN=aY(N}=Y(NR}=(Y{NR41)=Y(NR}I®(X(N)=X(NR))/{X(NR+1)=X{NR))

IF(DNN.LE.D)GO TO 4
NHeN

NRHsNR

D=DNN

XVs XS

TA=l,

YF=0,

1170

I1ITeIIT+1
IF(IIT.GT.8)60 TO 11
00 6 Is1,3
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NOsNM+2-1
NUaNRM=2¢]
UCI)sTA®({X(NO)*YF*Y(ND))
V(I)eTAS(Y(NO)=YF®X(NO})}
WiI)eTA®(X(NU)eYF2Y(NU))
& 2(I)eTA®(Y(NU)=YF*X(NU)}])
CALL QIP(U»V,A)
CALL QIP(W»Z58)
IF(ABS(A(2)=B(3)).LT..0001) GO TD 11
XST 8 (B{2)=A(2))3,5/(A(3)=B{3))
YS = A(2)42,%A(3)&XST
IF{XST.GE.U(1) ANDXST.LE.U(3))GO TO 21
IF{XST.6T.U(3))NHaNH=-1
IF(XSToLT.U(1)INfIsNMe]
G0 10 7
21 IF(XSToGE«W(1)oANDoXSToLE.W{(3))GOD TO 22
IFIXST.GT.N(3))NRMaNRH+]
IF(XSTLLT.H(1)INRMaNRM=]
G0 10 7
22 1F(ABS(YS)=,.000119,858
B YFsYF+YS/TA
TA=1./SQRT(1.+YF*YF)
G0 TO 7
9 D = A(1)=B(L1)+{A(2)=B(2)+(A(3)=B(3))%*XST)I*XST
11 RETURN
END
SUBROUTINE DIAGR(ISTIFT,ISTIM,MENV)
COMMON/PRAL/DLT»DLTUSALNSALV(14)) NAL)ITP)NAMP(12),CML(14),CRLI14A)
1 »CPV(2)sALTX(6»2)5DARFITITLIHITIT2
COMMON P1(121),P(121),XP(121)sYP{121),PUFFL{14),AGAM(14)sX(121))
IY(IZI)!DS(IZZ)DVF(Izl))ARG(IZI’IANI(25)’ALFA(ZQ))IZZDKFU)NQ!NUPRO
EXTERNAL TRUE»YG4» YGS
LOGICAL PL,»TRUEy YG&)» YGS
DATA RIESALMINSALMAXZ1T77489=5.215,.7
PLeISTIFT.GE.S
IF(ISTIM.GE.2)6G0 TO 10
XMXs=0,
IF(MENV.EQ.1)GD TO 4
IF(PUFF (1) NE.O.)RZE=100.,*PUFF(1)
QUER=1,32R1E
HOCH=s1.5¢RZE
CALL DEFINE(PLSQUER, HOCHs=22914ls=e251,3)
60 7O 10
4 ALMIs=OQ,
ALMA=Q,
IF(PUFF(1)eNEsO«)ALMINSPUFFI(1)
IF(PUFF(2)NE.C.)ALMAXSPUFF(2)
HOCHe 10, (ALMAX=ALMIN)
CALL DEFINE(PLI260esHOCHI=e354,3, ALMINSALNAX)
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DO 348 Msl,NAL

VMXs=0,

DO 349 Nel,NQ

Ve ,5%ABS(VPR(N,M})

Vasysy

IF(XMXeLT.V)XMXaV

P(N)ay

IF(MENV.NE.1)CALL POLZUG(ISTIFT,»X»PsNQs» . TRUE.»YG4)
Pl(M)eb ,syMX~1,

IF(MENV.EQ.1)G0 TO 20

DO 350 I=1,NQ

P(I)eY(I)e,1

CALL SMCOTH(ISTIFTsX,»PyXP,NGQ, TRUE)

60 TC 30

caLL POLZUG(ISTIFT.PIoALV:NALpoTRUE.’TRUEl
ALMIsAMINL(ALMI,ALVI(1))

ALMASAMAXL(ALMA, ALVINAL))
IF(ISTIMeEQelsORISTIMGEL3)IRETURN

IF(MENV,EQ.1)GO TO 40

XMXsAMINL(XMX»1le25)

CALL ACHS(2)00"001!'.02'0.’!HX’00590259765)

CaALL ACHS‘1000".01!'-02’0.!10’ol’oSDTRUE)

GO TO 50

CALL ACHS‘I’OOI‘QZ".S’O.".)ol’o,'TRUE)

CALL ‘CHS(2’0.’-004’-.1"L"I,‘LHA".”O’TRUE)

CALL GCLOSE

RETURN

END

LOGICAL FUNCTION YG4(X,Y)

AeX

YG4°Y.GE.oZ.AND.Y.LE.1.25

RETURN

END

LOGICAL FUNCTION YGS5(X,Y)

Y650 X oLl Te=c0001s0R.ABS(Y=e1)eGTe0025

RETURN

END

SUBROUTINE PUDECK

COMNON P1(121),P(121)sXP(221),YP(221),PUFF(14),AGAM(14),X(121),
1Y(121):D$(122)’VF(IZI)DARG(IZI)nlNI(ZB);ALFA(29)oIZZ:KFU:NQ:NUPRO:
2JABSJSTSCHMIETALABFA»PI,B0GEN
COMHRON/PRAL/DLTHOLTUSALNSALV(14)sNALSITP)NAMP(12),CHL(14)»CRL(14)
1 5CPV(2),ALTX(452)»DARFIITIT1LITIT2
COMMON/EA/ILES, IDRUs ISTA,NNESE

DIMENSION INX({4),INY(4),INA(G)
EQUIVALENCE(P(L)»INX{1))s (P(5),INY(1))s(P(9)sINA(L))
$T2=100000,

IF(X(1).GT,80,)ST2+1000.
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D0 6 N=1l,NQ,4

NZE*MINO(&,NQ=~N+1)

DO & M=1,NZE

LaNeM=1
INX(MISINT(STZeX({L)+SIGN(.5,X{L))) .
INY(M)SINT(ST2Z#Y(L)+SIGN{.55Y(L)))
ARGS=ARG(L)*BOGEN
IF(ITP.EQ.2)ARGSaXP(L)
INA(M)SINT(10000.*ARGS+SIGN(.55ARGS))

WRITECISTA»B) INAMP(M)»Ma3, 7], Np CINX( M) INV(M) ) INACH),Hal, NIE)

FORMAT(5A1,I3,1216)

RETURN

END

SUBROUTINE STRAAK(TE,RUA»YBoMXZ»ISTIFT)
DIMENSION XA{2),YA(2)

COMMON P1(121)»P(121)sXP{121)»YP(121),PUFF(14),AGAN(14),X(121),
1Y(121),05(122)sVF(121)5ARG(121),ANI(2B)>ALFA(29)5,1ZZsKFUsNQ

COMMON/PLTM/MPL)MGCs» XZEHy YZEHMSPLI
EXTERNAL TRUE

LOGICAL TRUE,PL

DATA YV,YXA/10000.»10000./
T a ABSITE)

PLeISTIFT.GE.S

YBLsABS(YB)

°UER'T+1°-

QRMsQUER-S,

HOCHeYBL

YMX = 0.

YMN = °o

DO 2 1 = 1oNG
IF(Y(I)oGTaYMX) YMX = Y(I)
IF(Y({I)eLT.YMN) YMN = Y(I1)
CONTINUE

IF(HGC)3,653

IF(TE)S» 16,8

CALL GCLOSE

IF(T=1.)160065b

CALL DEFINE(PL,QUER,HDCHs=5¢» ORM»0.sHOCH)
YXA = 5,=T*YMN

MSTR=0

G0 TO 10

YXA = YXA ¢+ RUA
IF{YB.GTe0.) YXA & RUND(YV=T#YHN41.5%RUA,1./RUA)
YV = YXA ¢ TeYMX :
IF(YV.GE.YBL.AND.MSTR.NE.O)GO YO S
MS TRe]

DO 12 1=1,NQ

P1(1) = T*X(I)

P(I) = T*Y(I)+YXA
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CALL SMOOTH(ISTIFTsPl,PsXPsNQ,TRUE)
IF(MXZ)16,516514

XA{l) = T

XA(2) = 0.

YA(l) = YXA

YA(2) = YXA

CALL POLZUG(ISTIFTsXA»YAs25«TRUE.» TRUE)
RETURN

END

SUBROUTINE STRDR(T,NT)

DIMENSION XDR(8), YDR(8),T(42)
COMMON/EA/ILESsIDRU» ISTANPNNESE

COMMON P1C(121),P(121)»XP(121),pYP(121),PUFF(1l4),AGAM{14),X(121),
1Y(121),0S0122)sVF(121),ARG(121),ANI(28),ALFA(2G),12ZsKFU,NQ, NUPRO)>
2JAB,JST,CMIETAL,ABFA,PI,BOGEN, DARG

EQUIVALENCE (XDR(1),YP(106))s (YDR(1)sYP(114))
DO 8 N = 1,NT,8

I =0

NZL = N+7

IF(NZL.GT.NT)INZLeNT

NZITeNZPZ(3,01}

WRITE(IDRUS2)INZITyNUPRO»DARG,CM

FORMAT (Al,BHAIRFOIL »1493Xs8HALPHAO »,F%5,2,8H DEGREES,3X,
*S5HCHMO =,F7,4)

NZTeNZIP2(1,0)

WRITEC(IDRU»&INZT,(MyMaN,NZL)

FORMAT (Al1»,7(I2,17H X{(CM) Y{CN)} )
NZTeNZPZ2(1,0}

IFI(NITLEQ.NNESE)GD TO 1

Jelel

D0 6 K = NyNZL

L = K=N+1

XOR(L) = X(I)*,12ABS(T(X))

YOR(L) = Y(I)®,1#ABS(T(K)})

WRITE(IDRU,10) NZT(XDR(M),YDR(M),M=l,L)

FORMAT (Al,7(F9.2,FB84252X))
IF(I.LT.NQ) GOTO 3
CONTINUE

RETURN

END
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Shape: Cubic in n(g)
Vorticity: Parabolic

Flow condition: Inner tangential velocity
equals zero at Pn and Pn+1

Figure 8.- Panel method.
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Figure 10.- Induced tangential velocity on panel.
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Trailing-edge angle equals zero

Flow conditions: Equal velocity on both sides of
trailing edge; normal velocity equals
zero at trailing edge

Figure 1ll.- Sharp trailing edge.
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Figure 12.- Blunt trailing edge.
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Figure 14.- Lift-coefficient correction due to separation.
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Subroutine CDCF

Figure 15.- Block diagram of boundary-layer subroutines. .
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